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ABSTRACT 

The structural solution and physical property characterization of several Ln-T-Al/Ga and 

Ln-T-Al-Si contain phases, which include Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb), 

Ln(Ag,Al,Si)2 (Ln = Ce and Gd), LnCu2(Al,Si)5 (Ln = La and Ce), Ln(Cu,Al,Ga)13-x (Ln = La, 

Ce, Pr, and Eu), α and β LnNiGa4 (α Ln = Y and Gd – Yb; β Ln = (Tb – Er)), and Ln4FeGa12 (Ln 

= Tb – Er) will be presented in this work with an emphasis on crystal growth.  The systems cover 

a large breadth of phase space and serve to illustrate the new and rich chemistry and physics that 

remain, to this day, to be discovered in these phase spaces.  Additionally, these phases range in 

complexity, to the eloquently simple open network found in Ln(Ag,Al,Si)2 to the more complex 

3 dimensional polyhedral environments of Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb) or 

Ln(Cu,Al,Ga)13-x. 

In all cases these phases were discovered from systematic progressions throughout the 

periodic table and can all trace their roots to one phase, CePdGa6.  Chapter 1 of this document 

describes the logic and motivation behind the exploration of the Ln-Cu-Al phase space and 

alludes to some serendipitous discoveries.  Additionally, it treats the issues of a failing materials 

science effort in America as recently outline in a recent National Academies of Science 

document: Frontiers in Crystalline Matter: From Discovery to Technology.   Time is taken to 

discuss what is needed to once again assume a predominate role in these ventures and how our 

group aligns itself with the proposed directives   Chapters 2 – 5 provide in-depth discussion of 

selected phases as it relates to their respective crystalline growth, structure, magnetic, and 

transport properties.   
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CHAPTER 1. INTRODUCTION 

1.1 Motivation 

As time has shown, a development on the forefront of scientific endeavor allows a 

society to enjoy the benefits of a synergistic effort between the pure sciences and engineering for 

the betterment of technology and therefore society.  At the cutting edge of this synergism are the 

areas of condensed matter physics, solid state chemistry, materials science, and crystal growth 

with interest in the electrical, magnetic, structural, or optical nature of a material.  Basic research 

in both chemistry and physics acts as fodder for the development of new technologies, and at the 

heart of this is the ability to grow and characterize a material such that the intrinsic properties are 

observed.  Though respected for advances in fundamental theory and science, the area maintains 

a lasting vitality that few other areas have demonstrated over the past century.  From the first 

observation of superconductivity in mercury in 1911 by Onnes to the more recent report of 

pnictide-based high temperature superconductors, vitality and vigor exists with extensive 

collaborative efforts that few other disciplines can muster.   

The search for materials with desired properties concomitantly relies on the discovery of 

new materials and ultimately the subsequent growth of large single crystals.  In many cases a 

new material is identified as bolstering potential for application, to unequivocally determine the 

material innate properties, large single crystals, as can be seen in Figure 1.1, must be grown such 

that detailed studies can be completed. 

It has been our focus to join these two with the maxim of a properties-driven approach by 

first growing and subsequently studying large single crystals of lanthanide based ternary 

intermetallics.  By spring boarding off the synergism of single crystal growth/structural 

characterization and property measurement, direct growth of single crystals circumnavigates the 
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Figure 1.1 A collage of single crystals grown during my tenure as a graduate student.  The 

crystals depicted are as follows: 1) Ce(Cu,Al)12, and Nd(Cu,Al)12 (Chapter 2) 2) Ce(Ag,Al,Si)2 

and Gd(Ag,Al,Si)2 (Chapter 3) 3) Ce(Cu,Al,Ga)13, Pr(Cu,Al,Ga)13, Eu(Cu,Al,Ga)13, and 

La(Cu,Al,Ga)13 (Chapter 5 section 2.1). 

 

need for subsequent growth via the adduct of the molten metal flux growth technique.  Growth of 

large single crystals is a demanding endeavor that is rewarded by not only the beauty of a faceted 

single crystal, but by knowledge that the properties measured are true and intrinsic to the phase, 

its crystalline quality, and its orientation. 

Upon reflection, the choice to join a group in which crystal growth was fervent and 

central to the science worked on each day in the laboratory was one initially of fascination and 

curiosity.  To see molten metal yield beautiful, faceted crystals whose outer beauty disguise 
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Ce(Cu,Al,Si)13

Ce(Cu,Al,Si)13
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completely the hidden complexity of the inner-workings was an opportunity that could not be 

surpassed. 

1.2 Synthesis, X-ray diffraction, and Physical Properties 

For the sake of proper and thorough discussion, the background associated with 

synthesis, diffraction, magnetism, and transport properties must be presented.  The 

interdisciplinary nature of materials research requires our group to be proficient in a broad 

spectrum of topics, even outside our specific research scope.  Our true interests lie in 

ascertaining the relationship of a compound‟s structural subunits (chemistry) and if these 

subunits can be associated with specific properties (physics).   

1.2.1 Synthesis 

The self flux growth technique is advantageous to crystal growers as the required 

equipment is comparably inexpensive and large single crystals of multiple phase can readily be 

accessed from a molten flux.
1
  Here in, the foci of this dissertation are the phases grown from 

molten Al (Chapters 2 – 4) and Ga fluxes (sections of Chapter 5).  Typical synthesis begin by 

charging an alumina crucible, in the following order, with chunks of 99.9% purity lanthanide, a 

minimum of 99.9% purity transition metal, and a large excess of > 99.9% purity main group 

element as a flux.  Charging the crucible in this fashion ensures the flux covers the other 

components and assists in melting both the transition metal and lanthanide.  The starting 

constituents are loaded in molar ratio such that the total weight of the growth is around 1 – 1.5 g 

for Al growths and 1.5 – 2 g for other fluxes.  The charged crucible is then loaded into a fused 

silica tube with a filtering medium (silica wool) placed on top with the exception of Al.  The use 

of silica wool in Al synthesis is singled out as Al will react readily with the silica wool resulting 

in the possible inclusion of Si into the reaction melt.  Silicon inclusion, though not normally 
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desirable, can lead to serendipitous discoveries (LnCu2(Al,Si)2 Chapter 4).  Often an inverted 

alumina crucible is place over the crucible containing the reactants.  The fused silica tube is 

subsequently evacuated, sealed, and placed in a high-temperature oven.  A general sythesis 

temperature profile and image of a typical reaction setup for aluminum flux growth is shown in 

Figure 1.2.  After the prescribed profile is complete the sample is removed from the furnace and 

the bulk of the flux removed by centrifugation.  Remaining flux on single crystals is remove 

chemically via a prescribed adduct such as an HCl, HNO3, C2H4O2, or NaOH. 

 

Figure 1.2 Generic temperature profile that encompasses much of the synthesis reported in later 

chapters.  The image under the temperature profile depicts a typical Al flux growth synthesis. 

 

Reaction ratios are determined by careful analysis of binary and if available ternary phase 

diagrams.  Binary phase diagrams, though not fully accurate due to the incorporation of a third 

constituent in the melt, serves as a guide revealing stable binary phases that may contaminate the 

growth.  In addition to determining the relative ratios used in the reaction, phase diagrams assist 

in the mapping of temperature profiles.  The temperature profile is chosen to ensure a congruent 

melt, avoid secondary phase formation, and upon cooling provide spontaneous nucleation points 

at a sufficiently low rate to ensure optimal conditions for large crystal growth.  In some cases 

slow cooling permits stabilization of a secondary phase and must be avoided by cooling rapidly 

to some temperature below that phase‟s formation range.  After cooling to a point below the 

Room Temp.

1000 - 1200 °C 

hrs – weeks

T > mp of flux

hrs - days
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formation range, often the cooling rate is decreased significantly to once again resume 

controlling the nucleation and crystal growth rates.  Another powerful factor governing the 

chosen experimental conditions is experience and the familiarity of a given system that one 

acquires over time by working with related systems. 

1.2.2 X-ray Diffraction 

Specifics of the experimental conditions for X-ray powder and single crystal diffraction 

are given in each chapter.  In all cases powder X-ray diffraction (XRD) were collected to ensure 

phase homogeneity/purity using a Bruker D8 Advance X-ray diffractometer equipped with Cu 

Kα radiation (λ = 1.54056 Å) source with accelerating voltages of 40 KV at 40 mA and a Ge 

single crystal monochromator.  Powder XRD allows for confirmation of single crystal XRD 

models.  Single crystal XRD data are collected using a Nonius Kappa CCD (charge coupled 

device) equipped with a Mo Kα source (λ = 0.71073 Å) and a graphite monochromator.  Often a 

powder XRD pattern is collected and the phases cannot be identified immediately as the pattern 

may contain multiple phases, both of known and unknown materials, making complete 

identification difficult.  As a group that cares about crystal growth, one of the first methods for 

separating phases are to identify the specific morphologies in a growth.  As morphology often is 

insufficient to identify a phase, single crystal XRD experiments are completed on all unique 

morphologies.  With all the morphologies of the respective structures solved, we return to the 

original powder XRD pattern and ensure that all observed peaks are indexed to the phases found 

during single crystal XRD experiments. 

A thorough discussion of diffraction theory, both powder and single crystal XRD, are 

well beyond the scope of this dissertation.  The theory of diffraction is central and pertinent to 

our group‟s niche in the scientific community.  At this time, for the reader of this dissertation 



6 

 

who may need/desire a fundamental grasp of X-ray diffraction theory, I would like to 

recommend the following texts Elements of X-ray Diffraction (B. D. Cullity)
2
 or X-ray Structure 

Determination: A Practical Guide (Stout and Jensen)
3,4

. 

A complementary technique, often employed when disorder is prevalent or a structure is 

difficult to solve, is that of scanning electron microscopy (SEM) when equipped with an energy 

dispersive X-ray spectroscopy probe (EDS).  This technique is useful in 

understanding/determining the stoichiometry of the material.  Fundementally, SEM/EDS can be 

understood from Bohr‟s model of the atom.  A sample is irradiated with a high energy electron 

beam, inducing electron promotion to higher energy shells.  Subsequent transitions to lower 

shells release photons on the energy scale of X-rays, of which the photon energies are 

characteristic of specific metals. 

1.2.3 Physical Properties 

Specific details related to the experimental conditions are contained within each chapter 

where physical property data such as molar magnetic susceptibility (χm), magnetization (M), 

resistivity (p), magnetoresistance (MR), and heat capacity are presented.  Though satisfactory for 

individuals working in the area, it may be warranted to digress in a similar fashion as I have done 

on the topics of synthesis and X-ray diffraction.  The statement in its own right, physical 

properties can be rather misleading and can be defined differently based on the area of the 

readers expertise.  Specifically when asked about the physical properties of a compound or 

material, many may be requesting information related to colligative properties such as the 

melting point or boiling point, intrinsic properties like density, or olfactory/visual/tactile 

properties.  In all cases, the answer delineates the physical nature of the substance, but here when 
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discussing the physical properties of a material, the properties to be discussed will focus on 

magnetism, electrical transport, magnetoresistance (MR), and heat capacity. 

1.2.3.1 Magnetism 

Many inorganic compounds and materials which contain transition and/or lanthanide 

metals display magnetism which arises from un-paired electrons associated with the d or f 

orbitals respectively.  These spins can interact in varying degrees of strength and over a range, 

while, if present, interacting with an applied field resulting a plethora of magnetic ground states.  

The two basic magnetic states are dia- and para- magnetism.  In the case of diamagnetism all 

electrons are spin paired and repel an applied external magnetic field.  This is due to, in a 

classical view, circulation in a fashion to generate an opposing magnetic field.  A material is 

paramagnetic if it contains unpaired electrons which interact with the applied magnetic field in 

such a fashion that they are attracted to the external source yet there is no net dipole moment.  If 

a material is paramagnetic and undergoes cooling, a transition may occur at a critical temperature 

(TC or TN) where spins align parallel (ferromagnetism, FM), anti-parallel (antiferromagnetism, 

AFM), or in other more exotic arrangements such as canted states, helical magnets, or spiral 

magnets. 

To understand the magnetic data collected, we first must understand how to determine 

theoretical values so conclusions may be drawn from our observations.  Magnetic moments 

associated with materials depend upon S (spin), L (angular momentum), J (coupling), and g 

(gyromagnetic ratio).  Additionally, L is sufficiently quenched, and therefore J, in transition 

metal systems such that only the spin is critical to determining the theoretical magnetic moments: 
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µs is the spin only moment, g is the gyromagnetic ratio (g = 2.0023 for an electron), e is the 

elementary charge of an electron, h is Planks constant, m is the mass of an electron at rest, and c 

is the speed of light.  As e, h, m, and c are all constants, the expression can be simplified by 

setting these equal to one Bohr magneton (1 µB) as shown in equation 1.2 and 1.3.  It is 

important to remember that answers will be given in the effective number of Bohr magnetons: 
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The effective moment associated with a free electron is 1.73 µB. 

The spin only approximation is not satisfactory to model the moments observed in 

lanthanide containing systems.  Orbital angular momentum is critical and the coupling that arises 

between the orbital momentum and spin, J.  The gyromagnetic ratio also deviates from that of a 

free electron as one must take in account S, L, and J: 
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Additionally, the effective magnetic moment must reflect the coupling between the spin and 

orbital angular momentum: 
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                                                 1.5 

Returning paramagnetism, the spins may be influenced by temperature and applied field, 

but no ordered state develops at low temperature.  Magnetization is linear at low field and is 

completely reversible.  The molar magnetic susceptibility (χm) can easily be described by Curie 

type behavior: 
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where C is the Curie constant and T is temperature.  This relationship is valid at high temperature 

where thermal fluctuations dominate and nearest neighbor interactions can be ignored.  The 

magnitude of χm sheds light on the magnetic state, as diamagnetic materials have small, negative 

values where paramagnetic materials have small, positive values of χm.  A modification of the 

Curie law, equation 1.6, can be made to accommodate systems that favor magnetic ordering at 

low temperature: 
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where θ is the Weiss temperature.  Equation 1.7 is known as the Curie-Weiss Law, and the Weiss 

temperature describes the coupling between neighboring spins.  A negative value for the Weiss 

temperature indicates AFM correlations and positive values indicate FM correlations.  The spins 

in a ferromagnetic material align parallel to one another.  Typically FM materials show large 

values of χm compared to a paramagnetic material and saturate when sufficiently below the Curie 

temperature (TC), where AFM materials have comparable values of χm but decrease sharply at 

the Neel transition (TN).  The spins in an antiferromagnetic material align anti-parallel.  Further 

corrections to compensate for background contributions to the susceptibility, such as temperature 

independent Van Vleck paramagnetism or diamagnetism, we can employ the modified Curie-

Weiss expression: 
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where χo describes the background contribution. 
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The topic of magnetism is as broad as it is deep and a thorough treatment not possible in 

the constraints of this introduction.  As magnetism is a central property of the materials we study, 

the fundamentals of magnetism are critical and I defer the readers interested to Basic Solid State 

Chemistry (A. R. West)
5
 and Magnetism in Condensed Matter (S. Blundell)

6
. 

1.2.3.2 Heat Capacity 

Our search for new and exotic materials often revolves around a search for materials that 

exhibit an enhanced mass state at low temperature determined from heat capacity (HC) data.  It 

is nontrivial to elucidate the exact nature of a compound at low temperature but rather important 

pieces of information can be gleaned from HC data that, when taken in their entirety, tells a story 

of competing and/or emergent phenomena.  The collection of HC data itself is nontrivial, time 

consuming, and humbling for the experimentalist, as sample preparation can be exacting and it 

demands clean samples.  In application, HC data can shed light on magnetic entropy (Sm), 

magnetic and/or structural transitions, the electronic contribution (Sommerfeld parameter, γ), the 

Debye temperature, and in some cases a magnon contribution. 

The total HC at constant pressure of a metal is the sum of both the electronic and phonon 

contributions and can be written as: 

                                                       
TT3  pC

                                                        1.9 

where βT
3
 represents the phonon contribution and γT  the electronic contribution to the total HC 

y of the system.  At sufficiently low temperatures the linear electronic contribution to HC 

becomes dominates, and it is useful to express the equation as: 
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such that a plot of C/T vs. T
2
 provides a linear relationship where β is the slope and γ is the 

intercept.  Inspection of the equation reveals that the total HC is dominated by the phonon 

contribution and depending on the system, sufficiently low temperatures where the relationships 

become valid may be complicated by the magnetic transition of the lanthanide atom.  Often we 

find it useful, assuming a magnetic transition is observed, to fit both above and below the 

transition temperature to extract values of γ.  Judicious choice of fit ranges becomes critical.   

To simplify the interpretation of the data, we find it useful to subtract the phonon 

contribution from the total HC, such that the remaining HC only describes the 

magnetic/electronic contribution.  To subtract the phonon contribution two possible choices are 

available: 1) grow a non-magnetic analogue that is similar in electronic configuration and size 

(i.e. a nonmagnetic La derivative to subtract out the phonon contribution of a magnetic Ce 

species) or 2) estimate the phonon contribution from Equation 1.10 (phonon contribution = βT
3
).  

When possible, it is preferred to grow a nonmagnetic analogue and measure the samples total HC 

for subtraction from the magnetic analogues total HC, resulting in Cm (electronic/magnetic heat 

capacity) as shown in Figure 1.3.  Fitting data with the phonon contribution subtracted allows 

one to calculate Sm and the critical exponent associated with the magnon contributions. 

At low temperature a heavy fermion shows a characteristic enhancement of its effective 

mass, observed by γ often being 10 - 100 fold larger than that of a typical metal (γ > 100 mJ/K
2
-

mol).
7-10

  Fitting below a magnetic transition, the value of the Sommerfeld parameter is especially 

susceptible to artificial enhancement because of the transition, and often we report both the value 

above and below the transition.  The Sommerfeld parameter is simply one data point in the grand 

scheme of classifying a compound as a heavy fermion since it can easily be compromised by 

poor phonon subtraction and structural/magnetic transitions.  To better understand if the 
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observed γ value is truly reflective of a heavy fermion material, we look at the entire picture and 

ask a series of questions: Is γ enhanced?  Do we recover less than the theoretical magnetic 

entropy?  Is there Kondo behavior observed in the resistivity? Does it fit the Kadowaki Woods 

relationship?
11,12

 

 

Figure 1.3 Arbitrarily scaled C/T as a function of T
2
 plot illustrating the subtraction of magnetic 

(black line) and nonmagnetic (blue line) analogues, resulting in the magnetic/electronic (Cm) 

contributions to heat capacity (orange line). 

 

The entropy associated with a magnetic transition can be quantified by: 

                                                          
)12ln(  JRSm

                                                  1.11 

where R is the ideal gas constant and J is the angular momentum quantum number.  This 

assumes no crystalline electric field effects and typically is used only to estimate the entropy 

associated with a Ce containing analogue.  The calculated entropy assumes no external 

interaction of the f electrons.  Since the enhancement of the effective mass associated with a 

heavy fermion directly stems from the interaction of the f electrons of the magnetic ion and the 

conduction electrons (Kondo behavior) we would expect a deviation from the theoretical entropy 

associated with a magnetic transition in the form of “missing” entropy.  The entropy that is 
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associated with the interaction of the conduction and f electrons reduces the overall entropy 

associated with the magnetic transition.  This is often expressed as some percentage of Rln2 and 

at what temperature Rln2 is recovered, for Ce-containing compounds.  To experimentally 

determine the entropy associated with an observed magnetic transition the area found under the 

Cm/T vs T curve must be found: 
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                                                  1.12 

over the range of the magnetic transition. 

In some systems the exact nature of the magnetic ground state is difficult to elucidate.  

Magnetic transitions are easily observed in heat capacity data.  Since Cm describes the 

magnetic/electronic contributions which can be fit to models derived from first principles of the 

form: 

                                                             n

mC T
                                                  1.12 

where n is a critical exponent that describes the magnon contribution and is characteristic for 

each type of magnetic behavior.  Understanding and the discussion of the critical exponents and 

their relation to the observed type of magnetism is outside the scope of this dissertation.  For 

more specifics related to Cm or resistivity data and how it scales with the critical exponents 

associated with specific magnetic or transport behaviors, I defer to the thorough discussion by G. 

R. Stewart in a 2001 review Non-Fermi-liquid behavior in d- and f-electron metals.
13

 

1.3 Grand Challenges 

Growth of single crystalline material for structure and property investigations, either of 

fundamental value or for technological advances, is essential to quantitative elucidation of 

intrinsic properties.  A recent report issued by the National Academy of Sciences (NAS) brings 
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to the forefront of discussion the basic need for a thriving community of crystal growers, which 

is diminishing throughout the United States. Currently programs on foreign soil lead the world in 

technological developments.
14

  The current trajectory of condensed matter research in the United 

State has the country targeted to be dependent on other countries to develop and market new 

technologies for our future needs.  The NAS report challenges the United States to reclaim the 

top position in crystalline materials research and development by promoting condensed matter 

research, in all aspects: growth, structural determination, property measurement, and training of 

endemic scientists to open a corridor for technological and scientific advancement.  The NAS 

report outlined the following three grand challenges vital to a sustainable crystalline research 

effort in the United States: growth of crystalline material for new technologies, growth of 

crystalline material for energy applications, and using computations/theory to guide synthesis. 

For the United States to lead the world again in new technologies, materials must be 

understood fundamentally through systematic studies of single crystals.  Progression across or 

down the periodic table, and comparison of isostructural materials or sub-units, reveals trends in 

bonding, structure, local environments, disorder, … essentially the chemistry of a material.  

Couple this with fundamental investigation of the physical properties of a material, and with 

experience, a smart targeted synthesis is realized. 

The NAS report issues, as the first grand challenge, an initiative for the development of 

new materials for information, communication, and technological applications.  To do this 

judicious exploration of structures, sub-units, or motifs linked to a specific property of interest 

should be exploited.  A prime example is low dimensionality and its link to high Tc 

superconductors (YBa2Cu3O7-δ).  It is now thought that investigations concerning high Tc 

superconductors should focus on dimensionality, its limit, and phase space for doping.  
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Dimensionality is not only a concern for superconductivity, but 1 and 2 D magnetism and 

magnetic frustration as well.  Identification of a structural motif, like layers, has great benefit in 

new materials development and discovery. 

In line with the argument in the NAS report, small perturbations in low energy levels and 

the subsequent competition between internal forces via physical or chemical means leads to 

emergent behavior. This emergent behavior is collective in nature and independent of its parts.  

This behavior often defies our understanding of a state of matter and evolves from the complex 

inner-workings of crystalline material. 

1.4 Our Group’s Growth 

Discovery of a new compound CePdGa6 marks the beginning of a fledgling group.  The 

initiative was growing isostructural analogues to the n = 1 members of the CenMIn3n+2 (M = Co, 

Rh, or Ir; n = 1,2) family
15-20

 and investigating the effects of Pd and Ga substitution.  CenMIn3n+2 

compounds exist as layered materials that exhibit superconductivity, magnetism, and an 

enhanced-mass state.  It was of curiosity how systematically adding one valence electron via the 

transition metal and manipulating the main group element (p orbital contribution) would 

influence the complex low temperature physical properties.  This question was not answered but 

a structurally related, antiferromagnetic heavy fermion system was discovered.  LnPdGa6 (Ln = 

La and Ce) orders first antiferromagnetically at 10 K with a subsequent ferromagnetic ordering at 

5 K.
21

 The magnetic contribution to heat capacity reveals a heavy mass state with γ ~ 230 mJ/(K
2
 

mol Ce).  Shortly thereafter a plethora of compounds were grown, all structurally related to 

LnPdGa6:  Ce2PdGa10 is a paramagnetic Kondo compound with large magnetoresistance over 

250 % at 2 K, and Ce2PdGa12 shows a collinear to canted antiferromagnetic state with TN ~ 11 

K.
22,23
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The question of how a systematic change in constituents would alter the physical 

properties of an interesting motif did not receive a direct answer but a new interesting motif was 

readily found.  The same question was posed when the group‟s focus changed from Pd to Ni and 

d
9
 late transition metals like Cu or Ag.  It is known that coordination preferences play a strong 

role in phase and structure stabilization.  Yet the question lingers whether similar structural 

motifs can be found for Ni, Cu, and Ag gallides and aluminides.  As with many questions the 

answers are complex.  Ce2MGa12 can be successfully stabilized for Ni and Cu.  Reminiscent of 

Ce2PdGa12 the Ni analogue has an antiferromagnetic transition TN ~ 10 K with the La derivative 

showing large, non-saturating magnetoresistance of 216 % at 9 T.  The Cu analogue is 

paramagnetic down to 2 K.  Both compounds show enhanced mass behavior, similar to 

CePdGa6, with Ce2NiGa12 being a heavy fermion, γ ~ 191 mJ K
-2

 mol
-1

.
24

  In addition to the Cu 

and Ni derivatives of Ce2MGa12, other phases like Ln(Cu,Ga)13-x (NaZn13 structure type), 

hexagonal SmCu4Al8 (isostructural to SmZn11), and Ln(Cu,Ga)12 (ThMn12 structure type) were 

identified and characterized.
25,26

  With the rich and promising phase space of Ln-Cu-Ga we 

became interested in the Ln: Cu aluminides and Ag gallides in hope to grow motifs similar to 

CePdGa6, Ce2PdGa10, CeMGa12 (M = Pd, Ni, and Cu), Ln(Cu,Ga)13-x, and Ln(Cu,Ga)12 and to 

understand how a systematic change from a 3 d
9
 (Cu) to 4 d

9 
(Ag) metal impacted the physical 

properties (Ga to Al).  

The remaining sections give brief details on the exploration of the Ln-Cu-Al, Ln-Ag-Al-

Si, and Ln-Cu-Al-Si phase space and summarize important details of each as they relate to the 

Grand Challenges. 
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1.4.1 Ln(Cu,Al)12 (Ln = Ce, Pr, Sm, Yb, and Y) and Ln(Cu,Ga)12 (Ln = Y, Gd-Er, and Yb) 

During the investigation of the Ln(Cu,Ga)13 phase it was observed that only the large 

lanthanides would form the NaZn13 structure type, where as the smaller rare earths formed the 

ThMn12 structure type.
26,27

  Investigation of the Pr(Cu,Ga)13 compound led to the observation 

that the material showed an enhanced-mass state.  With our systematic approach it was of 

interest to see if the Al-containing analogues were isostructural, and if so, do similarities exist in 

their physical properties.  During exploration of the Ln-Cu-Al system, the NaZn13 structure could 

not be stabilized via flux growth, where the ThMn12 structure was stable for all lanthanides. 

Single crystals of Ln(Cu,Al)12 and Ln(Cu,Ga)12 compounds (Ln = Y, Ce-Nd, Sm, Gd-Ho, 

and Yb for Al and Ln = Y, Gd-Er, Yb for Ga) have been grown by flux-growth methods and 

characterized by single crystal X-ray diffraction, complemented by microprobe analysis, 

magnetic susceptibility, resistivity and heat capacity measurements.
27

  Ln(Cu,Ga)12 and 

Ln(Cu,Al)12 of the ThMn12 structure type crystallize in the tetragonal I4/mmm space group with 

lattice parameters a ~ 8.59 Å and c ~ 5.15 Å and a ~ 8.75Å and c ~ 5.13 Å for Ga and Al 

containing compounds, respectively.  For aluminum-containing compounds, magnetic 

susceptibility data shows Curie paramagnetism in the Ce and Pr analogue down to 50 K with no 

magnetic ordering down to 3 K, whereas the Yb analogue shows a temperature-independent 

Pauli paramagnetism.  Sm(Cu,Al)12 orders antiferromagnetically at TN ~ 5 K, and interestingly, 

exhibits Curie- Weiss behavior down to 10 K with no Van Vleck contribution to the 

susceptibility.  Specific heat data show that Ce(Cu,Al)12  is a heavy fermion antiferromagnet with 

TN ~ 2 K and with an electronic specific heat coefficient γ0 as large as 390 mJ/K
2
 mol.  In 

addition, this is the first report of Pr(Cu,Al)12 and Sm(Cu,Al)12 showing an enhanced mass ( ~ 

80 mJ/K
2
 mol and 120 mJ/K

2
mol).  For the Ga containing analogues, the magnetic susceptibility 
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data also show the expected Curie-Weiss behavior from Gd to Er, with the Yb analogue being 

once again a Pauli paramagnet.  Antiferromagnetic transition temperatures range from 12.5 K, 

13.5 K, 6.7 K, to 3.4 K for Gd, Tb, Dy, and Er, respectively.  Metallic behavior is observed down 

to 3 K for all Ga and Al analogues.  A large positive magnetoresistance up to 150 % at 9 T is 

also observed for Dy(Cu,Ga)12. The structure, magnetic, and transport properties of these 

compounds will be discussed in depth in Chapter 2. 

1.4.2 Ln(Ag,Al,Si)2 (Ln = Ce and Gd) 

Much of the Ln: Cu:Al phase space has previously been explored.  With a large body of 

pre-existing knowledge for this phase space, it was of interest if isostructural Ln:Ag:Al phases 

could be stabilized.  The potential to understand the differences in bonding and coordination 

preferences between Cu and Ag in Ln and Al networks is indispensible for solid state chemists.  

An ultimate goal for the solid state community is to have the synthetic footing found in organic 

synthesis labs.  To do so requires an intimate understanding of the bonding and coordination 

preferences in specific environments.  Unfortunately the subsequent work did not result in the 

isolation of isostructural phases, but equally, it did result in a very interesting, 4 component 

pseudo-binary; opening a new door for future materials exploration. 

Single crystals of Ln(Ag,Al,Si)2 (Ln = Ce and Gd) have been grown by flux-growth 

methods and characterized by single crystal X-ray diffraction, magnetic susceptibility, resistivity 

and heat capacity measurements.
28

  Ln(Ag,Al,Si)2, of the ThSi2 structure type, crystallize in the 

tetragonal I41/amd space group with lattice parameters a ~ 4.2 Å and c ~ 14.4 Å.  Magnetic 

susceptibility data shows Curie-Weiss paramagnetism in the Ce and Gd analogues down to 80 

and 50 K, respectively.  The Ce analogue undergoes a ferromagnetic transition at 11 K in both 

the H║ab and H║c planes with the Gd analogue undergoing an antiferromagnetic transition at 24 
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K for H║c and is paramagnetic down to 3 K for H║ab.  Specific heat data reveal that 

Ce(Ag,Al,Si)2 is a heavy fermion ferromagnet with two magnetic transitions TC1 ~ 10.8 and TC1 

~ 8.8 K. and with an electronic specific heat coefficient 0 as large as ~ 170 mJ/K
2
 mol.  In the 

related phases, CeSi1.70, double magnetic transitions were observed and attributed to an 

antiferromagnetic modulation of the spins, as observed in neutron scattering experiments.  

Analysis of the heat capacity data below TC2 and its critical exponent dependence revealed either 

helical or 2D antiferromagnetic magnon contributions.  Additionally, analysis of resistivity data 

below 8.8 K shows a T
2
 dependence, typical of a fermi liquid, but more importantly it showed 

the absence of a T
5/2

 dependence, ruling out helical magnon contributions.  This reinforces the 

observation of an antiferromagnetic modulation in CeSi1.70.  The structure, magnetic, and 

transport properties of these compounds will be discussed in depth in Chapter 3. 

1.4.3 LnCu2(Al,Si)5 (Ln = La and Ce) 

While exploring the Ln-Cu-Al phase space in a more Ln and Cu rich growth, 

serendipitous discovery of small single crystals of LnCu2(Al,Si)5 (Ln = La and Ce) occured.  

Initial attempts to repeat this synthesis resulted in isolation of a BaAl4 type phase (CeCuAl3).  

Elemental analysis revealed the presence of Si and a synthetic strategy was found to once again 

grow LnCu2(Al,Si)5 (Ln = La and Ce).  LnCu2(Al,Si)5 (Ln = La and Ce) could not be isolated as a 

single phase, and single crystals grew from the surface of a BaAl4 type impurity (CeCuAl3-xSix).  

This may be expected in part to the similarity in the BaAl4 and SrAu2Ga5 structure types.
29

  

Mechanical separation was unsuccessful, and conditions were found to synthesis phase-pure 

polycrystalline samples from arc melt and annealing conditions.   

Single crystals of LnCu2(Al,Si)5 (Ln = La and Ce) crystallize in the Sr2AuGa5 structure 

type, space group P4/mmm (No. 123), with lattice parameters of a = 4.2040(15) Å and c = 
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7.925(4) Å, and the Ce, Cu, M, and N (M = Al/Cu and N = Al/Si) atoms occupy the 1a, 1b, 2h, 

and 4i Wyckoff positions, respectively.  Polycrystalline samples were used for magnetic 

measurements.   Magnetic susceptibility measurements show Curie-Weiss like behavior at 

temperature higher than 200 K.  Below 200 K curvature is observed in the inverse susceptibility, 

consistent with crystal electric field effects.  CeCu2(Al,Si)5 remains paramagnetic down to 2.25 

K.  A somewhat smaller effective moment is recovered, 2.19 µB/mol Ce, but is consistent with 

previous reports for the CePd1.5Al5.5 phase.
30

  Preliminary resistivity measurements show Kondo-

like behavior.  This, coupled with the rich heavy fermion behavior in related phases, offers hope 

that CeCu2(Al,Si)5 will be a new heavy fermion compound.  The structure, magnetic, and 

transport properties of these compounds will be discussed in depth in Chapter 4. 
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CHAPTER 2. CRYSTAL GROWTH, STRUCTURE, AND PHYSICAL  

PROPERTIES OF Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb)* 

2.1 Introduction 

Pseudo-binary lanthanide intermetallic compounds (Ln-T-X where Ln = lanthanide, T = 

transition metal, and X = main group element) adopting the ThMn12 structure type 
1,2

 have been 

extensively studied and show a variety of interesting physical properties including magnetism 

and superconductivity.
3-12

  This tetragonal phase (I4/mmm) consists of a lanthanide, transition 

metal, and main group element occupying the 2a (4/mmm), 8f (2/m), 8i (m2m), and 8j (m2m) 

Wyckoff sites.  It is of merit to note that the 8i and 8j position are jointly occupied by T and X 

when X = Ga and for X = Al only 8j is jointly occupied.  Growth of the pseudo-binary lanthanide 

analogues in this structure type is considerably stabilized with the addition of the third element, 

as only binary Mn and Zn lanthanide derivatives have been shown to crystallize in this structure 

type.
13-16

 

The magnetic ordering at low temperatures due to long-range lanthanide interactions has 

been reported in several compounds where M = Cr, or Cu and X = Al.  CeCr4Al8 exhibits an 

enhanced Sommerfeld coefficient of specific heat, γ ~ 62 mJmol
-1

K
-1

 and does not magnetically 

order down to 1.5 K.
17

  GdCr4Al8 and ErCr4Al8 show antiferromagnetic (AFM) ordering around 

8 K and 14 K, respectively.
18,19

 Similarly, CeCu4Al8 shows heavy-fermion behavior with γ ~ 300 

mJmol
-1

K
-1

.
20

  Reported more recently, CeCu4+xAl8-x (0 < x < 0.55) shows heavy-fermion 

behavior (γ ~ 200 mJmol
-1

K
-1

) with antiferromagnetic ordering at 5.8 K, which was not 

previously observed and was reported to be paramagnetic down to 4.1 K.
19,21-23

  HoCu4Al8 and 

 

*Reprinted by permission of Journal of Physics: Condensed Matter: Drake, B.L., Capan, C., Cho, J.Y., Nambu, Y., 

Kuga, K., Xiong, Y.M., Karki, A.B., Nakatsuji, S., Adams, P.W., Young, D.P., and Chan, J.Y., Crystal growth, 

structure, and physical properties of Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb) and Ln(Cu,Ga)12 (Ln = Y, Gd-Er, 

and Yb). J. Phys. Condens. Mat. 2010, 22, 066001. 
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ErCu4Al8 compounds have been shown to order antiferromagnetically at 5.5 K and 6 

K,respectively, which is due to the ordering of the lanthanide sublattice, with a second report of 

HoCu4Al8 ordering at 7 K.
17-19,24

  

Addition of magnetic transition metals like Fe presents possibilities for magnetic ordering 

due to transition metal interactions and long range lanthanide interactions, respectively.
10,25-28

  

For example, ErFe4Al8 shows two magnetic transitions, 25 K and 111 K corresponding to the 

ordering of the Er and Fe sublattice, respectively.
26

  In addition, negative magnetoresistance in 

the range of -1.8 % to -20.1 % has been found in several of the RFe4Al8 compounds (R = Sc, Y, 

Ce, Yb, and Lu).
6
 

We have grown Ln(Cu,Al)12 analogues (Ln = Y, Ce-Nd, Sm, Gd-Ho, and Yb) Al flux 

growth techniques.  To the best of our knowledge, there has not been a systematic study of the 

ThMn12 structure in the Ln-Cu-Ga system.  During exploration of the Ln-Cu-Al system, high 

quality single crystals were grown that upon further study are not in agreement with some 

previously published results.  Here, we report the crystal growth, magnetism, and transport 

properties of Ln(Cu,Al)12 compounds (Ln = Y, Ce, Pr, Sm, and Yb).   

2.2 Experimental 

2.2.1 Synthesis 

Single crystals of Ln(Cu,Al)12 (Ln = Y, Ce-Nd, Sm, Gd-Ho and Yb (note that Ln = Ce-

Nd, Sm, Gd-Ho, Yb, and Y have been grown for Ln(Cu,Al)12 but only the properties of Ce, Pr, 

Sm, Yb, and Y will be reported) were grown in the presence of excess flux.  Ln (3N, chunks, 

Alfa Aesar), Cu (5N, powder, Alfa Aesar), and Al (5N, pellets, Alfa Aesar) were loaded, 

respectively, into an alumina crucible with a reaction ratio of 1:9:20. The crucibles were placed 

into a fused silica tube and the contents were evacuated and sealed.  The vessel was loaded into a 
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Table 2.1 Crystallographic Parameters for Ln(Cu,Al)12 

Formula Ce(Cu,Al)12 Pr(Cu,Al)12 Sm(Cu,Al)12 Yb(Cu,Al)12 Y(Cu,Ga)12 

a (Å) 8.813(3) 8.792(6) 8.749(2) 8.721(3) 8.704 (3) 

c (Å) 5.16002) 5.156(3) 5.146(2) 5.118(2) 5.131(2) 

V (Å) 400.8(2) 398.6(4) 393.9(2) 389.3(2) 388.7(2) 

Z 2 2 2 2 2 

Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal 

Space group I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm 

θ range (°) 3.27-30.02 3.28-29.95 3.29-29.94 3.30-29.72 3.31-28.61 

μ (mm-1) 18.424 19.015 21.075 25.657 18.961 

Data collection 
     

Measured reflections 531 465 487 479 476 

Independent 

reflections 
196 190 191 190 169 

Reflections with 

I>2σ(I) 
195 188 188 184 161 

Rint 0.0581 0.0359 0.0471 0.0304 0.0525 

h -12→12 -12→12 -12→12 -12→12 -11→11 

k -8→8 -8→8 -8→8 -8→8 -7→8 

l -7→5 -6→5 -7→4 -7→4 -6→6 

Refinement 
     aR1[F

2>2σ(F2)] 0.0292 0.0262 0.021 0.0237 0.0289 
bwR2(F

2) 0.0679 0.0624 0.0509 0.0542 0.0715 

Reflections 196 190 191 190 169 

Parameters 17 17 17 17 17 

Δρmax (eÅ-3) 2.293 1.239 1.487 2.928 1.088 

Δρmin (eÅ-3) -1.688 -1.904 -1.69 -1.836 -0.845 
aR1 = ∑║Fo│ - │Fc║/ ∑│Fo│, bwR2 = [∑[w(Fo

2 - Fc
2)]/∑[w(Fo

2)2]]1/2 

w = 1/[σ2(Fo
2) + (0.0328P)2 + 1.7521P, w = 1/[σ2(Fo

2) + (0.0252P)2 + 1.7135P, w = 1/[σ2(Fo
2) + (0.0085P)2 + 0.6996P, 

w = 1/[σ2(Fo
2) + (0.0241P)2 + 1.1008P, w = 1/[σ2(Fo

2) + (0.0390P)2 + 0.0000P, for Ce, Pr, Sm, Yb and Y respectively 
 

 

furnace and heated to a dwell temperature of 1100 °C for 10 h at 200 °C/h.  Samples were slowly 

cooled to 720 °C at a rate of 4 °C/h at which they were centrifuged to separate crystals from the 

Al flux.  In attempts to increase the crystal size, Yb samples were cooled at slower ramp down 

temperatures (0.5-1 °C/h).  Final dwell times were varied from hours to days, and it was 

observed that crystal size increase with dwell time.  In addition, it was clearly observed with 

different dwell times a differing amount of Cu was substituted into the Al site.  For Yb samples, 

crystal size was maximized from a short dwell time not following the general trend for the other 

analogues.  This is possibly due to the high vapor pressure of Yb.   In all growths, silver metallic 
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crystals were retrieved via etching in NaOH (6M) until excess aluminum was removed and 

subsequently cleaned with 30% HNO3, retrieving flux-free single crystals which were observed 

to be air stable. 

2.2.2 Single Crystal X-ray Diffraction, Powder X-ray Diffraction, and Elemental Analysis 

The crystals of Ln(Cu,Al)12 were cut to suitable sizes for data collection (≤ 0.05 mm
3
) 

and mounted onto a glass fiber using epoxy.  They were then positioned onto the goniometer of a 

Nonius KappaCCD diffractometer equipped with Mo Kα radiation (λ = 0.71073 Å).  Data 

collection was carried out up to θ = 30.0° at 298 K.  Further crystallographic parameters for 

Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm and Yb) are provided in Table 2.1.  Direct methods were used 

to solve the structure.  SHELXL97 
29

 was used to refine the structural model and data were 

corrected with extinction coefficients and refined with anisotropic displacement parameters.  

Refinement assuming a fully occupied formula led to convergence with very small final 

difference residual peaks.  Selected interatomic distances are presented in Table 2.2, and atomic 

positions and displacement are provided in Table 2.3.  To determine the composition of 

Ln(Cu,Al)12, electron probe microanalysis was performed using a JEOL JSM-5060 scanning 

electron microscope equipped with an energy dispersive spectrometer.  The accelerating voltage 

was 15 kV with beam to sample distance of 20 mm.  An average of 5-7 scans was performed on 

each single crystal.  The results are provided in Table 2.4.  After taking account of elemental 

analysis results, the structures of Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm and Yb) were carefully 

checked for a mixed occupancy on all Cu and Al sites, and refinements of single crystal X-ray 

diffraction data suggest that the 8j site in Ln(Cu,Al)12 is occupied statistically by Cu and Al.  The 

resulting structural models showed similar stoichiometry for Ln:Cu:Al to the result of elemental 
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analysis.  For simplicity, we will discuss the compounds as Ln(Cu,Al)12 where (Ln = Y, Ce, Pr, 

Sm, and Yb for Al). 

For all growths, ground single crystal samples were characterized by X-ray powder 

diffraction to confirm phase purity with a Bruker AXS D8 Advance Diffractometer. 

Table 2.2 Selected Interatomic Distances for Ln(Cu,Al)12 (Å) 

  Ce(Cu,Al)12 Pr(Cu,Al)12 Sm(Cu,Al)12 Yb(Cu,Al)12 Y(Cu,Al)12 

Ln environment 
     

Ln1-Al1(x8)  3.073(2) 3.062(2) 3. 0384(2)     3. 016(2) 3.020(2) 

Ln1-M0(x8)  3.2427(10) 3.2352(10) 3.2201(11) 3.2017(14) 3.2040(10) 

Ln1-Cu1(x4)  3.3723(10) 3.3651(10) 3.3501(5) 3.3383(7) 3.3340(10) 

      Cu environment 
     

Cu1-Cu1(x2) 2.5800(10) 2.5780(10) 2.5730(10) 2.5590(10) 2.5655(10) 

Cu1-Al1(x4) 2.6972(7) 2.6906(7) 2.6765(7) 2.6626(10) 2.6632(7) 

Cu1-M0(x4) 2.5643(2) 2.5597(2) 2.5499(5) 2.5409(7) 2.5389(2) 

M0 = Al or Cu 
    

 

2.2.3 Physical Properties 

Magnetic data was collected using a Quantum Design Physical Property Measurement 

System (PPMS).  The temperature-dependent susceptibility data was measured under zero-field 

cooled (ZFC) conditions from 2-3 K to 285-300 K under an applied field of 0.1 T.  Field-

dependent magnetization data were measured at 3 K with field up to 9 T.  The electrical 

resistivity and magnetoresistance (MR) were measured by the standard four-probe AC technique. 

The heat capacity was measured by the standard adiabatic heat pulse relaxation technique down 

to 0.4 K.  

2.3 Results and Discussion 

2.3.1 Structure 

The ThMn12 structure type has been well studied and has been shown to crystallize with a 

general formula of Ln(TM,X)12, Ln = rare earth, TM = transition metal, X= main group 

element.
15

  Herein, Ce(Cu,Al)12 will be discussed as a general structural model for the series of 
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rare earth aluminides reported in this document, as only unit cell parameters such as the a or c 

unit cell lengths change due to lanthanide contraction.  This pseudo-binary crystallizes in the 

tetragonal I4/mmm space group with the Ln, Cu, Al, and M0 (M0(8j) - Cu/Al) occupying 2a, 8f, 

8i, and 8j respectively.  It was found that statistical disorder is observed on the 8j site for Al 

containing compounds.  The degree of statistical disorder depends on the reaction ratio, dwell 

times, and the lanthanide. 

Table 2.3 Atomic Positions and Thermal Parameters for Ln(Cu,Al)12 

Atom 

Wyckoff 

position x y z Ueq (Å
2
)

a
 

Ce 2a 0 0 0 0.0048(4) 

Cu 8f 1/4 1/4 1/4 0.0091(4) 

Al 8i 0.3483(3) 0 0 0.0059(8) 

M0 8j 0.2771(2) 1/2 0 0.0135(10) 

      Pr 2a 0 0 0 0.0026(3) 

Cu 8f 1/4 1/4 1/4 0.0067(4) 

Al 8i 0.3483(2) 0 0 0.0052(8) 

M0 8j 0.27769(18) 1/2 0 0.0105(9) 

      Sm 2a 0 0 0 0.0043(3) 

Cu 8f 1/4 1/4 1/4 0.0085(3) 

Al 8i 0.34729(18) 0 0 0.0064(7) 

M0 8j 0.27870(14) 1/2 0 0.0156(7) 

      Yb 2a 0 0 0 0.0030(3) 

Cu 8f 1/4 1/4 1/4 0.0064(4) 

Al 8i 0.3458(3) 0 0 0.0048(9) 

M0 8j 0.2794(2) 1/2 0 0.0144(10) 

      Y 2a 0 0 0 0.0057(5) 

Cu 8f 1/4 1/4 1/4 0.0097(5) 

Al 8i 0.3470(3) 0 0 0.0070(11) 

M0 8j 0.2795(2) 1/2 0.00 0.0165(9) 
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. 

M0 = Cu and Al 

  

Figure 2.1a illustrates the Ln (Ln = Ce-Nd, Sm, Gd-Yb) polyhedral environment; each 

polyhedron is comprised of 8 Cu atoms (medium yellow spheres), 4 Al atoms (small green 

spheres, identified as M1 in Ga analogues), and 8 M0 atoms (small purple spheres, identified as 
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M2 in Ga analogues). The Ce environment is similar to the one of SmCu4Ga8 (hexagonal), which 

belongs to the family of CaCu5 structure type.  M0 atoms are face sharing atoms in the 

polyhedron around the Ce atom (large powder blue spheres), in which the Ce polyhedron are 

corner sharing through Cu atoms.  The polyhedron is comprised of 2 perpendicular six member 

rings which are coordinated about the Ce atom.  Each ring is composed of 2 Al and 4 M0 atoms.  

The rectangular prism of Cu atoms is situated so 2 Cu positions set at ~ 45 degrees between the 

two perpendicular 6 member rings, essentially bi-capping the structure as shown in the Figure 

2.1b.  The face sharing 8j sites are the location of mixing in the ternary phase.  These sites (Table 

2.3), which the bond distances are listed in Table 2.2, show that this M0 position is at an 

intermediate distance when compared to the Cu and Al bond lengths, giving rise to the potential 

for statistical disorder on this 8j site. 

Table 2.4 Composition as obtained from Electron Probe Microanalysis 

  Ce(Cu,Al)12  Pr(Cu,Al)12  Sm(Cu,Al)12  Yb(Cu,Al)12 

      (Cu:Al)
a
 4.46(4):7.54(4)  4.65(4):7.35(4)  4.75(5):7.25(5)  4.77(8):7.23(8) 

a Composition is normalized to lanthanide. 

 

Figure 2.2a and 2.2b show the structural relationship between ThMn12 and CaCu5 

structure-type 
30

 (Hereafter, ThMn12 and CaCu5 are represented as RT12 and RT5, respectively for 

clarity).  The relationship of lattice parameters has previously been described as the following: 

aRT12 ≈ √3aRT5 ≈ 2cRT5; cRT12 ≈ aRT5 ≈ aRT12/√3.
31,32

  The transformation from RT5 to RT12 

structure is caused by systematic substitution of a pair of T atoms for R atom along the c-axis 

from the parental RT5 structure.  This can be described as equation; 2(RT5) – R + 2T (a pair of Ts) 

→ RT12.
33,34

  The crystallographic sites between the hexagonal P6/mmm RT5 and tetragonal 

I4/mmm RT12 are shown in Figure 2.2a-c.  
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2.3.2 Physical Properties of Ln(Cu,Al)12 (Ln = Ce, Pr, Sm, Yb, and Y) 

Figures 2.3 – 2.5 show the temperature dependence of the magnetic susceptibility of single 

crystal of Ln(Cu,Al)12 (Ln = Ce, Pr, Sm) measured at an applied field of 0.1 Tesla and the field 

dependence of magnetization at 3 K.  The magnetic susceptibility of all three compounds was 

fitted to a Curie-Weiss equation of the following form: χ(T) =0 + C/(T – θ), where C represents 

the Curie constant and θ is the Weiss temperature in the paramagnetic state, and where 0 is a 

constant positive background. The effective moments obtained from C were compared to the 

calculated values using μeff = gJ(J(J+1))
1/2

 , they are both summarized in Table 2.5. 

The temperature-dependent magnetic susceptibility of Ce(Cu,Al)12 in an applied field of 

0.1 T is shown in Figure 2.3a.  The material is paramagnetic down to 3 K with no magnetic 

transition.  The effective moment (35 – 253 K) of the Ce
3+

 ion was determined to be 2.63 μB 

which is close the calculated effective moment of 2.54 μB.  A negative Weiss constant, θ = -

106.6 K, indicates strong antiferromagnetic correlations. The field-dependent magnetization is 

presented in Figure 2.3b for Ce(Cu,Al)12 at 3 K and shows no saturation up to 9 T. 

Figure 2.4a shows the temperature-dependent magnetic susceptibility of Pr(Cu,Al)12, 

measured with the magnetic field of 0.1T parallel to c-axis (H ∥ c ) and perpendicular to it (H ∥ 

ab).  Pr(Cu,Al)12, as with the Ce analogue, is paramagnetic down to 3 K for both field 

orientations.  The effective moment determined from Curie Weiss equation for the Pr
3+

 ion (20 - 

200 K), was found to be 3.26 μB for H ∥ ab and 3.78 μB for H ∥ c.  Both values agree well with 

the calculated effective moment for Pr
3+

 of 3.54 μB. The Weiss temperature for Pr(Cu,Al)12 was 

found to be θ = -36.5 K and -49.9 K for H ∥ ab and H ∥ c, respectively, indicating weakly 

anisotropic antiferromagnetic interactions.  The smaller value of  in Pr(Cu,Al)12, as compared to 

the Ce analogue, also implies weaker antiferromagnetic coupling. Figure 2.4b shows the field-
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dependent magnetization at 3 K in both the H ∥ ab and H ∥ c directions.  A downward curvature 

is observed at ~ 2 T, more dramatically in H ∥ ab, yet no saturation is observed up to 9 T 

supporting the negative values of the Weiss constant. 

(a)  

(b)  

Figure 2.1a and 2.1b The crystal structure of Ce(Cu,Al)12 is shown in (a), where the Ce(2a) 

atoms are represented with large metallic blue spheres; Cu (8f) atoms are denoted as medium 

yellow spheres, Al (8i) atoms are denoted with small green spheres, and the M0 (8j) position is 

denoted with small purple spheres.  Dashed lines are used to show the unit cell.  The local (b) Ce 

environment is shown depicting the two perpendicular six member rings with the square 

prismatic array of Cu atoms. 

a

b

Cu (8f)

Cu2/Al2 (8j)

Al1 (8i)

Ln (2a)



32 

 

(a)  

(b)   (c)  

 

Figure 2.2a, 2.2b, and 2.2c (a) The relationship between RT12 and RT5 as adapted from Ref. 34.  

The unit cell of (b) RT12, in which the RT5 unit cell is marked by solid lines.  The original (c) unit 

cell of RT5 is shown for comparison. 

 

Temperature-dependent magnetic susceptibility of Sm(Cu,Al)12 is shown in Figure 2.5a, 

in an applied field of 0.1 T.  Sm(Cu,Al)12 has an antiferromagnetic transition at TN ~ 5 K.  The 

effective moment for the Sm
3+

 ion above 10 K, from Curie Weiss equation, was found to be 0.81 

μB which is close to the calculated effective moment of 0.71 μB. The Weiss temperature for 

Sm(Cu,Al)12 was found to be θ = -26.7 K.   It is worth noting that the inverse susceptibility 

remains linear down to 10 K which is unusual for a Sm analogue.  Deviations from Curie-Weiss 

behavior in Sm compounds are generally attributed to Van Vleck paramagnetism. The absence of 

Van Vleck contribution in Sm(Cu,Al)12 is likely due to the  spherical environment of Sm
3+

 which 

minimizes the crystal electric field splitting. Figure 2.5b shows the field-dependent 

magnetization at 3 K.  The magnetization is linear with no sign of saturation in the field 

measured, up to 9 T, as expected for an antiferromagnetic material. 

R (1a)

6/mmm

T (2c)

-6m2

T (3g)

mmm

0

0

0

1/3

2/3

0

1/2

0

1/2

R (2a)

4/mmm

T (8f)

2/m

T (8i)

mm

T (8j)

mm

0

0

0

1/4

1/4

1/4

x

0

0

x

1/2

0

RT5

P6/mmm

RT12

I4/mmm

a

b

c

2a
8f
8i
8j

1a
2c
3ga

b

c

2a
8f
8i
8j

1a
2c
3g



33 

 

 (a)  

(b)  

Figure 2.3a and 2.3b (a) Magnetic susceptibility (emu/mol Ce) of Ce(Cu,Al)12 vs temperature. 

The inset shows the inverse magnetic susceptibility. (b) Magnetization of Ce(Cu,Al)12 as a 

function of field at 3 K. 
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(a)  

 (b)  

 

Figure 2.4a and 2.4b (a) Magnetic susceptibility (emu/mol Pr) of Pr(Cu,Al)12 as a function of 

temperature is shown. The inset shows the inverse magnetic susceptibility. (b) Magnetization of 

Pr(Cu,Al)12 as a function of field. 

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0 50 100 150 200 250

M
/H

 (
e

m
u

/m
o

l 
P

r)

T (K)

0

20

40

60

80

100

120

140

160

0 50 100 150 200

1
/

 (
m

o
l 
P

r/
e
m

u
)

T (K)

H = 0.1 T

Pr(Cu,Al)
12

H ll ab

H ll c

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8 10

M
 (


B
/m

o
l 
P

r)

H (T)

T = 3 K

Pr(Cu,Al)
12

H ll ab

H ll c



35 

 

 (a)  

(b)  

 

Figure 2.5a and 2.5b (a) Magnetic susceptibility (emu/mol Sm) of Sm(Cu,Al)12 as a function of 

temperature is shown. The inset shows the inverse magnetic susceptibility. (b) Magnetization of 

Sm(Cu,Al)12 as a function of field. 
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Table 2.5 Magnetic Properties of Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb) 

  C θ μcalc  μeff  Fit range  de Gennes factor Ordering TN 
      (μB) (μB) (K) [(g-1)

2
J(J+1)] (K) 

Y(Cu,Al)12 - - - - -  PPM
a 

Ce(Cu,Al)12 0.869 -106.6 2.49 2.63 35-253 0.18 PM
c 

Pr(Cu,Al)12 1.786 -49.9 3.54 3.78 20-200 0.80 PM (H║c) 

 
1.333 -36.4 3.54 3.26 20-200  PM (H║ab) 

Sm(Cu,Al)12 0.082 -26.7 0.71 0.81 10-300 4.46 AFM
b
 4.8  

Yb(Cu,Al)12 - - - - -  PPM 
a
Pauli Paramagnetic. 

b
Antiferromagnetic. 

c
Paramagnetic.  

 
 

The Curie Weiss parameters and the observed and calculated effective moment values are 

summarized in Table 2.5.  These findings are in contrast to some previous reports which show 

PrCu4Al8 and SmCu4Al8 to order antiferromagnetically with TN = ~15 K and ~25 K.
19

  Multiple 

attempts to grow these materials on stoichiometry were unsuccessful. It is still unclear as to the 

source of the 15 K and 25 K Néel temperature in the previously reported powder samples as the 

magnetic susceptibility, magnetization, resistivity, magnetoresistance, and heat capacity of single 

crystals was measured here with magnetic susceptibility for Pr(Cu,Al)12 measured H ∥ c and H ∥ 

ab showing no ordering down to 3 K and little magnetic anisotropy.   

The magnetic susceptibility is positive for both Y(Cu,Al)12 and Yb(Cu,Al)12 and 

temperature independent, which we attribute to Pauli paramagnetism (not shown).  The 

magnitude of 0=2.9E-3 emu/mol found in Yb(Cu,Al)12  is consistent with the Pauli 

susceptibility, PPM=1.092 E-3 emu/mol , determined from the experimental electronic specific 

heat coefficient 0=11 mJ/K
2
 mol,   using the Wilson ratio R = (

2
 kB

2
/g

2
 J(J+1) B

2
 ) PPM/0 = 1.  

It is also close to the values of 0= 1.79 E-3 emu/mol and 1.36 E-3 emu/mol obtained in the Ce 

and Sm analogues respectively. The absence of Curie-Weiss behavior in Yb(Cu,Al)12 is a strong 

indication that the valence of Yb is close to 2+, a conclusion also supported by the analysis of the 

lattice volume evolution across the Ln series. As can be seen in Table 2.1, the Yb(Cu,Al)12 

analogue shows deviation from a Yb
3+

 ion in the lanthanide contraction indicating at least partial 
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occupancy of Yb
2+

.  One would expect for a full occupation of Yb
2+

 ion that the volume of the 

unit cell would be similar to that of a Sm
3+ 

ion.  With the existence of Yb
2+

 ions in the crystal 

lattice this effectively acts to magnetically dilute the system such that the Pauli paramagnetism is 

observed. 

 

Figure 2.6 Normalized electrical resistivity of Ln(Cu,Al)12 (Ln = Ce, Pr, Sm, Yb, and Y) as a 

function of temperature is shown.  Inset shows blow up of low temperature resistivity of 

Sm(Cu,Al)12. 

 

The electrical resistivity as a function of temperature of single crystals of Ln(Cu,Al)12 (Ln 

= Ce, Pr, Sm, Yb, and Y) is shown in Figure 2.6.  These compounds show metallic behavior with 

residual resistivity ratio (RRR) values of 3.0, 1.6, 1.6, 2.1, and 1.5 for Ce, Pr, Sm, Yb, and Y 

analogues, respectively.  No anomalous behavior is observed for Pr, Yb, and Y.  Ce(Cu,Al)12 

shows deviations from an expected linear resistivity which may be attributed to some Kondo like 

behavior from the screening of conduction electrons.  Figure 6 inset is a blow up of the low 

temperature data for Sm(Cu.Al)12.  A small kink is observed at ~ 5 K, coinciding with the AFM 
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transition at ~ 5 K observed in the magnetic susceptibility data.  The resistivity saturates below 5 

K with no indication of a reduced spin disorder scattering. 

Heat capacity data was collected on Ln(Cu,Al)12 where Ln = Y, Ce, Pr, Sm, and Yb.  The 

Y(Cu,Al)12 analogue was used to subtract the phonon contribution to heat capacity in the Ce, Pr, 

and Sm compounds.  Attempts were made to grow the La derivative, but all synthetic attempts 

result in the formation of La(Cu,Al)13, a cubic phase with the NaZn13 structure.  Figure 2.7a and 

2.7b shows the plots of Cp vs T and Cp/T vs. T.  In the latter case the data provided have had the 

phonon contribution to heat capacity, as determined by Y(Cu,Al)12, subtracted. 

It is clear in Figure 2.7a and 2.7b, Ce(Cu,Al)12 shows a transition at ~ 2 K.  Magnetic 

susceptibility data was collected down to 3 K.  In consideration of the negative θW value, it is 

thought that the transition in heat capacity data is an antiferromagnetic ordering at ~ 2 K.  With 

the absence of antiferromagnetic ordering in the magnetic susceptibility data and the absence of 

an anomaly in heat capacity, the previous report of TN = 5.8 K is not supported in single crystal 

physical property measurements.
21

  In addition, analysis of the low temperature portion of the 

heat capacity shows Ce(Cu,Al)12 is a heavy fermion, with  a Sommerfeld coefficient , obtained 

from a linear fit of Cp/T vs T
2
 for T < 1 K, of γ ~ 390 mJ/K

2
 mol Ce, corresponding to a mass 

enhancement of 39 compared to the non-magnetic Yb analog.  This is also supported by the fact 

that the entropy at 2 K is only 0.35 R ln2, the full magnetic entropy Smag= R ln2 being recovered 

only at 20K. The missing entropy is likely the result of the Kondo screening of the Ce3+ 

moments at low temperatures.  The temperature dependence of the resistivity also suggests the 

presence of Kondo screening (see Fig. 2.6). The partial recovery of the magnetic entropy at 2 K 

reinforces that the large γ value retrieved from the low temperature fit is a signature of a heavy 

fermion, which is in agreement with earlier reports.
21,22,35
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(a)  

(b)  

Figure 2.7a and 2.7b (a) Heat capacity vs temperature for Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and 

Yb.  Inset of (a) shows a zoom of the low temperature heat capacity.  (b) Electronic heat capacity 

Cp/T as a function of temperature.   
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Heat capacity data for Pr(Cu,Al)12 and Sm(Cu,Al)12 is also presented in Figures 2.7a and 

2.7b.  Pr(Cu,Al)12 shows two broad peaks in the low temperature range, Tanom ~ 1.9 K and 8.8 K  

A two level Schottky formula does not give a satisfactory fit of the broad peak at 8.8 K. 

Nevertheless, this feature might correspond to a multi-level Schottky anomaly, since there is no 

indication of magnetic ordering in the susceptibility data at this temperature.  For second peak at 

the lower temperature, we cannot rule out the possibility of an antiferromagnetic transition, since 

the susceptibility has only been measured down to 3 K.  From the fit of the linear low 

temperature regime of Pr(Cu,Al)12 heat capacity data, Cp/T vs T
2
 for T < 0.7 K, a rather large 

electronic specific heat coefficient is obtained, γ = ~80 mJ/K
2
 mol Pr. This value shows a mass 

enhancement of a factor of 8 as compared to the non-magnetic Yb analogue.  For the Sm 

analogue, a broad peak can be seen in Figures 2.7a and 2.7b at ~ 5 K, coinciding with the 

antiferromagnetic transition observed in the magnetic susceptibility data.  In addition, fits of the 

low temperature regime of Cp yields γ ~ 130 mJ/K
2
 mol Sm.  Heat capacity data was collected 

only down to 0.9 K in this compound.  The entropy recovered at 5 K is R ln2. It remains unclear 

if this represents the full magnetic entropy, as one would expect R ln(2J + 1)= R Ln6 for Sm
3+

 in 

the absence of crystal field splitting.  Based on the spherical environment and the absence of Van 

Vleck interactions, it could be asserted that the splitting is negligible and the entropy does follow 

R ln(2J + 1).  Following this assumption, only 39% of the expected full magnetic entropy (R ln6) 

is recovered at the transition (with C/T integrated from 1 K to 7 K), possibly due to the Kondo 

screening. It is unclear at this time if Sm(Cu,Al)12 is a heavy electron system or the Sommerfeld 

coefficient is large due to the transition. 

Overall, the Curie-Weiss temperatures obey the expected scaling as a function of the de 

Gennes factor  (g - 1)
2
J(J + 1) for Ln(Cu,Ga)12 analogues, Figure 2.8.  In contrast, Ln(Cu,Al)12 
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Figure 2.8 Curie-Weiss temperature (K) as a function of de Gennes factor.  Closed circles 

correspond to Ln(Cu,Al)12 and open circles to Ln(Cu,Ga)12. 

 

doesn‟t scale to de Gennes factor, attributed to frustration.  The Ce analogue shows large a Weiss 

temperature of -106.6 K, whereas the TN is only 2 K,  the large difference between the two may 

be indicative of magnetic frustration or may be attributed to the Kondo effect. It is noteworthy 

that the two systems, Ln(Cu,Ga)12  and Ln(Cu,Al)12 , despite being isoelectronic, Al and Ga being 

in the same column of the periodic table, have so widely different magnetic properties. 

In conclusion, we have reported structural and physical properties of single crystals of 

Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb) adopting the ThMn12 structure-type.  Crystallographic 

refinements of single crystal X-ray diffraction data of Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb) 

suggest that 8j site is occupied statistically by Cu and Al.  Sm(Cu,Al)12 exhibits an 

antiferromagnetic transition at 5 K.  In addition, Ce(Cu,Al)12 shows heavy fermion 

characteristics, with Pr(Cu,Al)12 and Sm(Cu,Al)12 showing enhanced mass behavior. 
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CHAPTER 3. CRYSTAL GROWTH, STRUCTURE, AND  

PHYSICAL PROPERTIES OF Ln(Ag,Al,Si)2 (Ln = Ce and Gd)
1
 

3.1 Introduction 

Complex, competing, and emergent phenomena can often be found in intermetallic 

compounds of Ce and Yb such as superconductivity, heavy fermion behavior, and mixed 

valency.
2-7

  The vast majority of Ce containing compounds exists as the Ce
3+

 ion ordering 

antiferromagnetically at sufficiently low temperatures.  Rarer are ferromagnetic and 

ferrimagnetic ordering Ce intermetallic compounds such as CeAl1.02Si0.98, CeAu0.28Ge1.72, CeAg1-

xNixSb2, Ce5Pb3O, and CeAgAl3.
8-12

 

Lanthanide di-silicides and di-germanides binary compounds and lanthanide pseudo-

binary aluminum or transition metal di-silicides and di-germanides that adopt the polar 

intermetallic α - ThSi2 structure type have been well studied.  The α - ThSi2 structure type has a 

narrow width of formation with Al substitution of x = 0.9 – 1.2, higher Al content shifts phase 

stability to the AlB2 structure type.
13-15

  Ce derivatives of the α - ThSi2 structure type show a 

range of transport behaviors: metallic resistivity for CeAl1.02Si0.98, metallic resistivity with an 

upturn at ~ 30 K for CeAl1.2Si0.8, and CeSi2-x where the electrical transport is sensitive to the Si 

deficiency.
8,9,13,15-18

  This structure type has garnered much interest due to the dense Kondo 

behavior observed in CeSi2-x.
17,18

  In most cases the CeAlxSi2-x derivatives are ferromagnetic with 

some derivatives eliciting an enhanced Sommerfeld parameter.
9,18

  The magnetic and transport 

properties of CeSi2 and its related alumosilicide phases are extremely sensitive to composition as 

CeSi2-x for x > 1.85 is nonmagnetic down to 0.1 K and elicits heavy fermion behavior, but for  

 

Reprinted by permission of Journal of Physics: Condensed Matter:  Drake, B.L., Kangas, M.J., Capan, C., 

Haldolaarachchige, N., Xiong, Y.M., Adams, P.W., Young, D.P., and Chan, J.Y., Crystal growth, structure, and 

physical properties of Ln(Ag,Al,Si)2 (Ln = Ce and Gd). J Phys. Condens. Mat. 2010, 22, 426002. 
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x < 1.85 the compound orders ferromagnetically at 10 K.
19,20

  Ferromagnetic order appears to be 

common in the α - ThSi2 structure, both CeGe2 and CeSi2 become ferromagnetic for a variety of 

dopants.
13,21-24

 

While working on compounds in the Ln-Ag-Al phase space (Ln = Ce and Gd) and 

searching for highly disordered Ag/Al compounds, we have grown pseudo-binaries of the α - 

ThSi2 structure type.  It was quickly understood that small amounts of silicon were 

contaminating the reactions from the silica wool used as a centrifuge filtering medium.  

Experimental conditions were found in which Si could be introduced in a controlled manner, as 

Ag substitution into the alumosilicide has not been previously observed. In order to understand 

the sensitivity of this system to its elemental components, it was of interest how Ag substitution 

would impact the magnetic and transport properties of a 4f
1
 and 4f

7
 system.  Herein, we report 

the structural, magnetic, and transport properties for CeM2 and GdM2 (M = Ag, Al, and Si).  

3.2 Experimental 

3.2.1 Synthesis 

Single crystals of Ln(Ag,Al,Si)2 (Ln = Ce and Gd) were grown in the presence of excess 

Al flux.
25

  Ln (3N, chunks, Alfa Aesar), Ag (3N, powder, Alfa Aesar), and Al (5N, pellets, Alfa 

Aesar) and Si (5N, powder, Alfa Aesar) were used as received and loaded into an alumina 

crucible with a reaction ratio of 1:1:10:1.2 for Ln:Ag:Al:Si respectively.  Rare earth elements are 

stored in vacuum desiccators to prevent oxidation (0.1 mmHg).  The crucibles were placed into a 

fused silica tube and the contents were evacuated (0.05 – 0.07 mmHg) and sealed.  The charged 

vessel was loaded into a furnace and heated to a dwell temperature of 1200 °C for 72 h at 250 

°C/h.  Samples were slowly cooled to 1000 °C with a rate of 2 °C/h at which the cooling rate was 

doubled to 4 °C/h to a dwell temperature of 720 °C upon which the samples were centrifuged to 
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separate crystals from the Al flux.  Final dwell times were varied from hours to days, and no 

correlation of crystal size and dwell time could be made.  In addition, nominal starting 

concentrations of 1:1:10:1.2 remain constant.  In all growths, silver metallic crystals were 

retrieved via etching in NaOH (1-3 M) until excess aluminum was removed and subsequently 

cleaned with 10% HNO3, retrieving flux-free single crystals which were observed to be air 

stable.  Crystal morphology is best described as more block-like for Ce with Gd forming pristine 

thin blades as can be seen in Figure 3.1.  It was found that statistical disorder is observed on the 

8e site for Ag, Al, and Si.  The degree of statistical disorder does not appear to depend on the 

reaction ratio or dwell times as several experiments were attempted with differing amounts of 

Ag, all resulting ~5 % substitution onto the 8e position. 

3.2.2 X-ray Diffraction and Elemental Analysis 

Crystals of CeM2 and GdM2 were cut to suitable sizes for data collection (≤ 0.05 mm x 

0.05 mm x 0.05 mm) and mounted onto a glass fiber using epoxy.  They were then positioned 

onto the goniometer of a Nonius KappaCCD diffractometer equipped with Mo Kα radiation (λ = 

0.71073 Å).  Further crystallographic parameters for Ln(Ag,Al,Si)2 (Ln = Ce and Gd) and are 

provided in Table 3.1.  Direct methods were used to solve the structure.  SIR97 was employed to 

give a starting model and SHELXL97 used to refine the structural model and data were corrected 

with extinction coefficients and refined with anisotropic displacement parameters.
26,27

  

Refinement assuming a full Si occupancy (LnSi2) led to a structural model with large atomic 

displacement parameters associated with the Si position.  Selected interatomic distances are 

presented in Table 3.2, and atomic positions and displacement are provided in Table 3.3.  These 

tables reflect the structural model obtained after mixing the occupancy of the 8e position.  To 

determine the composition of CeM2 and GdM2, elemental analysis was performed using a 
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Hitachi S-3600N Variable Pressure scanning electron microscope equipped with an energy 

dispersive spectrometer.  The accelerating voltage was 15 kV with beam to sample distance of 15 

mm.  An average of 15-20 scans was performed on each single crystal.  The results are provided 

in Table 3.4.  Inspection of single crystals using a scanning electron microscope revealed the 

crystals contained Ln, Ag, Al, and Si.  Subsequently, the single crystal models were checked for 

mixed occupancy of Ag, Al, and Si on the 8e position in ratios similar to those found via SEM.  

Atomic displacement parameters behavior improved and the structural model led to convergence 

with very small final difference residual peaks. 

Table 3.1 Crystallographic Parameters for Ln(Ag,Al,Si)2 (Ln = Ce and Gd) 

Formula Ce(Ag,Al,Si)2 Gd(Ag,Al,Si)2 

a (Å) 4.2450(15) 4.1230(15) 

c (Å) 14.440(2) 14.401(5) 

V (Å
3
) 260.21(13) 244.80(15) 

Z 4 4 

Crystal system Tetragonal Tetragonal 

Space group I41/amd I41/amd 

θ range (°) 5.01-29.90 5.14-29.83 

μ (mm
-1

) 19.001 28.704 

Data collection   

Measured reflections 301 272 

Independent reflections 119 114 

Reflections with I>2σ(I) 108 104 

Rint 0.0281 0.0374 

h -5 – 5 -5 – 5 

k -4 – 4  -4 – 4  

l -18 – 19  -20– 15  

Refinement   
a
R1[F

2
>2σ(F

2
)] 0.0312 0.0187 

b
wR2(F

2
) 0.0755 0.0442 

Reflections 119 114 

Parameters 8 8 

GOOF 1.388 1.106 

Extinction 0.097(13) 0.045(4) 

Δρmax (eÅ
-3

) 2.022 2.360 

Δρmin (eÅ
-3

) -2.340 -1.017 
aR1=∑║Fo│-│Fc║/∑│Fo│, bwR2 = [∑[w(Fo

2 - Fc
2)]/∑[w(Fo

2)2]]1/2 
w = 1/[σ2(Fo

2)+(0.0351P)2 + 0.8966P] for Ce 
w = 1/[σ2(Fo

2)+(0.0197P)2 + 0.0000P] for Gd 
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For all growths, ground single crystal samples were characterized by powder X-ray 

diffraction to confirm phase purity and sample homogeneity with a Bruker AXS D8 Advance 

Diffractometer.  CeM2 and GdM2 (M = Ag, Al, and Si) were determined to be phase pure with 

no visible evidence of inclusions by powder X-ray diffraction. 

Table 3.2 Selected Interatomic Distances for Ln(Ag,Al,Si)2 (Ln = Ce and Gd) (Å) 

  Ce(Ag,Al,Si)2 Gd(Ag,Al,Si)2 

Ln – Ln (Å) (x4) 4.1878(6) 4.1230(15) 

 (x4) 4.2450(15) 4.1487(11) 

    

Ln – M (Å) (x4) 3.208(3) 3.1689(18) 

                 (x8) 3.2344(16) 3.1502(14) 

    

M – M (Å) (x1) 2.409(7) 2.387(6) 

                (x2) 2.439(4) 2.392(3) 

M = Ag, Al, and Si 

 

Table 3.3 Atomic Positions and Thermal Parameters for Ln(Ag,Al,Si)2 (Ln = Ce and Gd) 

Atom Wyckoff 

position 

x y z Ueq(Å
2
)

a
 

Ce 4a 0 1/4 3/8 0.0111(7) 

M
b 

8e 0 1/4 0.7916(2) 0.0168(8) 

      

Gd 4a 0 1/4 3/8 0.0083(4) 

M 8e 0 1/4 0.7921(2) 0.0156(5) 
a
Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor. 

b
M = Ag, Al, and Si (relative concentrations listed in Table 4) 

In all cases, a crystal was selected and a fragment cleaved for single crystal X-ray 

diffraction experiments.  SEM data was then collected on the remaining single crystal.  This 

crystal was then cleaned using acetone and hexanes to remove any carbon tape residue.  Physical 

property measurements (heat capacity, magnetization, and resistivity) were done on the same 

crystal. 

3.2.3 Physical Properties 

Magnetic data was collected using a Quantum Design Physical Property Measurement 

System (PPMS).  The temperature-dependent susceptibility data was measured under zero-field 
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cooled (ZFC) conditions between 3 K to 285 K for CeM2 and GdM2 under an applied field of 0.1 

T and 0.05 T for CeM2 and 0.1 T for GdM2.  Field-dependent magnetization data were measured 

at 3 K with applied fields up to 9 T.  The electrical resistivity measurements were measured on 

single crystals by the standard four-probe AC technique.  The heat capacity was measured by the 

standard adiabatic heat pulse relaxation technique down to 0.4 K. 

Table 3.4 Composition as Obtained from Energy Dispersive X-ray Spectroscopy 

 Ce(Ag,Al,Si)2 Gd(Ag,Al,Si)2 

Ln
a 

1.00(3) 1.00(6) 

Ag 0.15(1) 0.09(1) 

Al 0.85(3) 0.81(4) 

Si 1.02(2) 1.05(3) 

Ln:M
b
                1:2.02(4) 1:1.95(6) 

a 
Composition is normalized to lanthanide. 

b
M = Ag, Al, and Si 

3.3 Results and Discussion 

3.3.1 Structure 

The α - ThSi2 structure type has been shown to crystallize with a general formula of 

Ln(X,Y)2, Ln = lanthanide, X = main group or transition metal, Y = Si or Ge.  Herein, CeM2 (M 

= Ag, Al, and Si) will be discussed as a general structural model for both analogue reported 

herein, as only unit cell parameters such as the a or c unit cell lengths and interatomic 

connections change due to lanthanide contraction.  The pseudo-binary LnM2 crystallizes in the 

tetragonal I41/amd space group with the Ln and M (M = Ag, Al, and Si) atoms occupying the 4a 

and 8e Wyckoff position, respectively. 

The α - ThSi2 structure for CeM2 (M = Ag, Al, and Si) is shown in Figure 3.2.  The 

structure consists of open three dimensional network created by the M sublattice (2mm, orange 

spheres) with the interstitials occupied by Cerium atoms ( 4 m2, light blue spheres).  Two 

polyhedral environments arise from the lanthanide and M atoms local environments.  As shown 

in Figure 3.2b, the Ce atoms occupy the center of a 12 coordinate polyhedron best described as a 
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Figure 3.1 Image of un-etched single crystals retrieved from Al flux (grey spots on surface).  

Two upper left images show the more block-like morphology of the single crystals of CeM2, 

with the lower left and right image depicting the blade morphology of GdM2 single crystals.  

Each graduation marks 1 mm. 

 

 

Figure 3.2 The crystal structure of CeM2 (M = Ag, Al, and Si) is shown. (a) Ce (4a) atoms are 

represented with large light blue spheres; Ag, Al, and Si (8e) atoms are denoted as small orange 

spheres.  Dashed lines show the unit cell.  The local Ce environment is shown first in (a) as a 

blue striped polyhedron and again in (b) as a translucent blue polyhedron depicting the local 12 

coordinate Ce environment.  The local M environment is first illustrated in (a) as an orange 

striped polyhedron and again in (c) as a translucent orange polyhedron depicting the 9 coordinate 

tricapped trigonal prismatic M environment.  (d) The Ce sublattice is shown slightly above the 

ab plane showing the square planar layers of Ce along the c axis and the triangular prismatic 

layers in the ab plane. 

a)
M

a
b

c

c)

b) d)

a

c

Ce
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rectangular prism capped on opposite faces with triangular prisms orthogonal with respect to the 

other, to give the full symmetry of D2d “anti-house prismatic.”  These prisms pack in a face 

sharing arrangement such that they are completely space filling throughout the lattice.  Figure 

3.2c shows the local M environment.  As illustrated, M atoms occupy the centers of a tricapped 

trigonal prism.  The Ce atoms are located on the corners of the trigonal prism, with other M 

atoms capping the 3 equatorial faces.  It is important to note that the M atom at the center of the 

tricapped trigonal prism is the capping atom of an adjacent trigonal prism.  M to M contacts 

range from 2.409(2) – 2.439(4) Å for the Ce analogue which are longer, as would be expected 

due to Ag substitutions, than CeSi2 (Si – Si, 2.297 – 2.381Å) and agree well with what is 

observed for CeAl1.2Si0.8 (Si/Al – Si/Al, 2.383(4) – 2.501(2) Å) and YbAg0.28Si1.72 (Ag/Si – 

Ag/Si, 2.3463(16) – 2.3664(8) Å).
14,28,29

  Nearest connection to Ce range from 4.1878(6) – 

4.2450(15) Å and agree well with CeAl1.2Si0.8 (Ce – Ce, 4.2581(2) – 4.2741(1) Å) and are longer 

due to Ag and Al substitution than those found in CeSi2 (Ce – Ce, 4.036 – 4.156 Å).
14,29

 

3.3.2 Physical Properties 

Figures 3.3a and 3.4a show the temperature dependent molar magnetic susceptibility (χm) 

of Ln(Ag,Al,Si)2 (Ln = Ce and Gd) with an applied field of 0.1 T with the inset of Figure 3.3a 

depicting χm with an applied field of 0.05 T for CeM2.  Field dependent magnetization data are 

shown in Figures 3.3b and 3.4b with T = 3 K.  Both Ce and Gd were fit with a modified Curie-

Weiss equation of the form: χ(T) = 0 + C/(T – θ) where C is the Curie constant, θW is the Weiss 

temperature, and χ0 is a constant representative of background contribution to magnetic 

susceptibility.  In all cases the modified Curie-Weiss equation was fit over the linear region of 

1/χm.  Table 3.5 gives a summary of the fit range, C, θ, Tc/TN, μeff and μB.  When making 

reference to the applied field and its direction relative to the ab plane and/or c axis, crystals grew 
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in a block-like/blades morphology and directions were assigned as the ab plane being ║ to the 

face of the blade and the c axis being ┴ to the blades face. 

3.3.2.1 Magnetic Susceptibility of Ce(Ag,Al,Si)2 

Figure 3.3a shows the temperature dependent molar magnetic susceptibility of CeM2 

down to 3 K with H║c and H║ab.  CeM2 undergoes a ferromagnetic transition at ~11 K with no 

other transition down to 3 K with H = 0.1 T.  The right axis of Figure 3.3a corresponds to the 

inverse molar magnetic susceptibility (1/χm(T)).  Temperatures above 80 K for H║c or H║ab 

exhibit paramagnetic behavior consistent with Curie-Weiss law.  Fitting above these 

temperatures with a modified Curie-Weiss equation resulted in θW = -16.5 and -28.9 K for H║c 

and H║ab respectively.  Negative Weiss temperatures and ferromagnetic ordering have been 

reported previously for the related CeSi1.70, CeAlSi, CeyLa1-ySi2 and CeAl1.2Si0.8 phases.
13,18,22

  

The recovered magnetic moment of 2.60 and 2.29 μB/mol Ce
 
for H║c and H║ab respectively, 

are in close agreement with the calculated moment of 2.54 μB/mol for a free Ce
3+

 ion.  Data 

between 11 K < T < 80 K for H║c and H║ab, deviation from Curie-Weiss law is observed due 

to crystal electric field splitting of the J = 5/2 ground state for a Ce
3+

 atom.  At T = 11 K for 

H║ab and H║c a sudden and large change in slope in the molar magnetic susceptibility data is 

observed indicating a ferromagnetic transition.  Inspection of the molar magnetic susceptibility 

for H║ab and an applied field of 0.05 T, a second transition is observed in the susceptibility data 

at ~ 9 K.  It is important to note that the larger values of χm at low temperature for H = 0.05 T 

over that of H = 0.1 T would be expected due to the onset of saturation at applied fields ≥ 0.1 T 

with H = 0.05 T being close to the inflection point in the magnetization data.   The transition at ~ 

9 K will be discussed in more detail later in this manuscript. 
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Figure 3.3b shows the field dependent magnetization of CeM2 at 3 K for applied fields 

H║c and H║ab.  Strong field dependent magnetization is observed at low applied fields in both 

H║c and H║ab but quickly saturates above 0.1 T, indicative of a soft ferromagnetic state.  Small 

hysteresis is observed with H║ab and small asymmetric hysteresis observed for H║c.  It is 

important to note that hysteresis is present in both directions of the magnetization, with the 

negative quadrant being much less hysteretic than the positive quadrant for applied fields parallel 

to the c axis.  This feature in the magnetization data for Ce(M)2 has been observed in multiple 

measurements.  With the magnetization data being measured within the ferromagnetic regime, 

the expected saturated magnetic moment of 2.14 μB/mol, for a Ce
3+

 ion, is not recovered with 

H║c or H║ab, only obtaining a maximum value of 0.68 and 0.85 μB/mol at 9 T respectively.  

The reduced moment is consistent with a J = 5/2 moment split by a tetragonal crystal electric 

field (µsat = 0.71 µB/mol Ce) which is in agreement with deviations from Curie Weiss law in the 

molar magnetic susceptibility, similar to CeAu0.28Ge1.72.
9
 

3.3.2.2 Magnetic Susceptibility of Gd(Ag,Al,Si)2 

Figure 3.4a shows the temperature dependent magnetic susceptibility of GdM2 down to 3 

K with H║c and H║ab.  GdM2 undergoes an antiferromagnetic transition at ~ 24 K with no other 

transition down to 3 K for H║c.  The effect of ~ 0.1 mole of Ag is rather dramatic as the 

antiferromagnetic transition is suppressed from 32 K for Gd(Al,Si)2 to 24 K for Gd(Ag,Al,Si)2 
8
. 

The inset of Figure 3.4a shows inverse molar magnetic susceptibility (1/χm(T)).  Temperatures 

above 50 K for H║c or H║ab exhibit paramagnetic behavior consistent with Curie-Weiss law.  

Fitting above these temperatures with a modified Curie-Weiss equation resulted in θW = -88.7 

and -75.6 K for H║c and H║ab respectively, and a recovered magnetic moment of 8.46 and 7.96 

μB/mol for H║c and H║ab respectively, which are in agreement  with the calculated moment of 
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              a)      

b)  

 

Figure 3.3a and 3.3b (a) Anisotropic molar magnetic susceptibility, closed blue circles H║ab 

and closed black squares H║c, χm = M/H (emu/mol), of CeM2 as a function of temperature 

measured under an applied field of 0.1 T on the left axis, and inverse molar magnetic 

susceptibility, open blue circles H║ab and open black squares H║c, χm
-1

 = H/M (mol/emu) as a 

function of temperature on the right axis. The inset shows the molar magnetic susceptibility of 

CeM2 with H║ab = 0.05 T.  (b) Magnetization of CeM2 as a function of applied field at 3 K, 

open blue circle correspond to H║ab and closed black squares correspond to H║c.   The insets 

are enlargements of the magnetization data. 
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7.94  μB/mol for a Gd
3+

 ion.  The Weiss temperature is 3 fold larger than TN with H║c, but is not 

large enough to be considered frustrated.  Frustration values (│θW│/TN) of 2-5 are considered 

typical for an antiferromagnetic system,
30

 and as can be seen in Figure 3.2d no triangular lattice 

is observed down the c axis. Saturation at T < 24 K of the molar magnetic susceptibility for H║c 

can be best explained such that the applied field is perpendicular to the spin direction.  More 

simply stated that the spin associated with the Gd atoms most likely are located in the ab plane.  

The absence of magnetic ordering with the applied field parallel to the ab plane in the molar 

magnetic susceptibility data suggests that the triangular prismatic arrangement of Gd atoms 

prevent antiferromagnetic ordering due to frustration.  As shown in Figure 3.2d, viewing the 

lanthanide environment down the c axis one only encounters square planar arrangements of Gd 

atoms which would allow antiferromagnetism to exist without frustration, while viewing in the 

ab plane the shifts in these square planar arrangements with respect to the other creates a trigonal 

prismatic arrangement of Gd atoms giving rise to frustration and paramagnetism down to 3 K for 

data with H║ab supported by the molar magnetic susceptibility.  As can be seen in Figure 3.4a, 

H║ab magnetic susceptibility shows a small shoulder at 24 K corresponding to an 

antiferromagnetic transition with an upturn at 20 K remaining down to 3 K.  The observed 

shoulder is most likely due to imperfect alignment in the magnetic field and GdM2 is 

paramagnetic down to 3 K with H║ab.  The Weiss temperature for H║ab is on the same scale as 

H║c but GdM2 remains paramagnetic down to 3 K giving rise to the possibility that GdM2 is 

magnetically frustrated when H║ab.  The absences of a magnetic transition when H║ab down to 

3 K gives rise to frustration values ≥ 25, well within the frustrated classification. 

Figure 3.4b shows the field-dependent magnetization at 3 K with H║ab and H║c.  No 

saturation is observed up to 9 T for H║c as expected for an antiferromagnetic system.  Small 
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curvature in the magnetization data can be seen for applied fields parallel to the ab plane, 

consistent with the assertion of paramagnetism at 3 K. 

Table 3.5 Magnetic Properties of Ln(Ag,Al,Si)2 (Ln = Ce and Gd) 

  C θ μcalc  μeff  
Fit 

range  
Ordering, Tc/TN 

      (μB) (μB) (K) (K) 

Ce(Ag,Al,Si)2 0.849 -16.5 2.54 2.60 80-270 FM
a
, 11 (H║c) 

 
0.662 -28.9 2.54 2.29 80-270 FM

a
, 11 (H║ab) 

Gd(Ag,Al,Si)2 8.966 -88.7 7.94 8.46 50-285 AFM
b
, 24  (H║c) 

 
7.9203 -75.6 7.94 7.96 50-285 PM

c
 (H║ab) 

a
 ferromagnetic, 

b 
antiferromagnetic, 

c 
paramagnetic 

 

3.3.2.3 Transport Properties: Ln(Ag,Al,Si)2 (Ln = Ce and Gd) 

Heat capacity data and entropy for CeM2 are shown in Figures 3.5a and 3.5b.  As can be 

seen in Figure 3.5a, a sharp increase observed with the first maximum, TC1, at 10.8 K and a 

second, TC2, at 8.8 K.  These transitions agree well with the ferromagnetic transition at 11 K as 

observed in the molar magnetic susceptibility and the second transition at ~ 9 K, inset of Figure 

3.3a, in the molar magnetic susceptibility with H = 0.05 T.  The double transition in heat 

capacity has been observed in CeSi1.70 which corresponds to two magnetic transitions, a 

ferromagnetic ordering and a subsequent small antiferromagnetic modulation as determined by 

neutron diffraction.
18,31,32

  Phonon contribution to heat capacity (Cphonon) was approximated by a 

linear fit to Cp/T vs. T
2
 over the range of 18 – 35 K, as LaM2 could not be grown with Ag 

disorder.  Close analysis of the low temperature specific heat for 3D ferromagnetic magnons 

(T
3/2

 dependence), 2D antiferromagnetic or helical magnons (T
2
 dependence), or 3D 

antiferromagnetic magnons (T
3
 dependence) are shown in Figures 3.6a – 3.6c respectively.  The 

low temperature specific heat data shows that the data is most consistent with 2D 

antiferromagnetic or helical magnons as the low temperature heat capacity (C – Cphonon) data 
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a)  

b)  

 

Figure 3.4a and 3.4b (a) Anisotropic molar magnetic susceptibility, χm = M/H (emu/mol), of 

GdM2 as a function of temperature measured under an applied field of 0.1 T. The inset shows the 

inverse molar magnetic susceptibility of GdM2. (b) Magnetization of GdM2 as a function of 

applied field at 3 K.  Open blue circles correspond to H║ab and closed black squares correspond 

to H║c for both χm and magnetization. 
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scales linearly as a function of T
2
, shown in Figure 3.6b.  It is possible to differentiate between 

helical and 2D antiferromagnetic magnons as helical magnons scale linearly in resistivity as T
5/2

.  

As can be seen in Figure 3.7a, resistivity does not scale linearly as a function of T
5/2

, refuting 

helimagnons contribution and supporting 2D antiferromagnetic magnon contributions below TC2
 

and electron-electron scattering with an enhanced A term in resistivity due to Kondo coupling.  

With negative Weiss constants, a T
2
 dependence of resistivity and specific heat, and a two 

transitions evident in specific heat and molar magnetic susceptibility with H = 0.05 T, TC2
 
is 

attributed to an antiferromagnetic transition.  The Sommerfeld coefficient in the ordered state, 

irrespective of the power law used, for the T = 0 extrapolation gives a zero intercept for C – 

Cphonon vs. T
n
, therefore a γ value cannot be estimated in the ordered state by extrapolation.  

However, we can estimate the γ contribution to the specific heat  in the ordered state from the 

Kadowaki Woods ratio 1x10
-5

 µΩ-cm K
2
mol

2
mJ

-2
 = A/ γ

2
, where A is the coefficient of the T

2 

term in resistivity (ρ = ρ0 + AT
2
) and γ is the Sommerfeld parameter.

33
  As can be seen in Figure 

3.7a, A = 0.2774 at H = 0 T (2 K <  T < 11 K).  This gives a γ in the ordered state of ~ 167 

mJ/K
2
-mol f.u.  Extrapolation to T = 0 above Tc in the paramagnetic state over the range of 18 K 

< T < 35 K we find γ = 12.6 mJ/K
2
-mol.  This indicates that in the paramagnetic state the carriers 

are not heavy, supported by the fact that most of the entropy is recovered by 11 K.  The 13 fold 

enhancement of the Sommerfeld coefficient in the ordered state over that found in the 

paramagnetic state is indicative of mass enhancement.  The Debye temperature was found to be 

342 K, consistent with the saturation in heat capacity.  As can be seen in Figure 3.5b at 10.8 K 

the recovered entropy is ~ 0.79Rln2 with Rln2 recovered at T > 20 K.  We see no evidence for 

short range order above Tc and the recovered  effective moments agree well with a Ce
3+

 ion. 
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Therefore, the reduced entropy can be accounted for by the Kondo effect, which is reinforced by 

the resistivity measurements, and the enhanced mass behavior at low temperatures.  

a)  

b)  
 

Figure 3.5a and 3.5b (a) Cp/T as a function of T (K) (closed black squares) for CeM2 and heat 

capacity as a function of temperature (open green circles). (b) Smag as a function of temperature 

for CeM2 with Rln2 shown as a solid black line. 
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The electrical resistivity as a function of temperature for CeM2 and GdM2 are shown in 

Figure 3.7b and 3.7c respectively, with the resistivity of CeM2 being measured at 0 and 9 T for 

I║ab and H = 0 T for I║c.  For CeM2 metallic behavior is observed down to 50 K for I║ab and 

30 K for I║c where a minimum is observed.  Resistivity from 11 K < T < 50 K for H = 0 T and 9 

T with I║ab, and 15 K < T < 30 K for H = 0 T, I║c, increases with decreasing temperature 

reaching a maximum value at the magnetic ordering temperature.  The broad features above the 

minimum in the resistivity data and the upturn below the minimum is consistent with Kondo 

behavior or increased scattering due to site disorder.  A linear fit from the minimum to the 

magnetic transition in the resistivity (11 K < T < 50 K for H = 0 T and I║ab) scales linearly with 

the lnT, reinforcing Kondo behavior.  This observation is not that surprising as most related 

analogues in the α - ThSi2 structure type exhibit Kondo behavior.  At 11 K for H = 0 T with I║ab 

and I║c and at 15 K for H = 9 T with I║ab a sudden decrease is observed down to the 2 K.  The 

peak in resistivity data for CeM2 at 11 K (15 K for H = 9 T with I║ab) coincides with the 

ferromagnetic transition in the molar magnetic susceptibility and a sudden drop in resistivity due 

to reduced spin disorder scattering is observed.  As can be seen in Figure 3.7a, the T
2
 behavior (2 

K < T < 11 K) in resistivity corresponds to electron-electron scattering, consistent with the 

enhanced Sommerfeld coefficient. 

In a similar fashion GdM2 shows metallic behavior with a minimum and upturn at 32 K, a result 

of increased scattering due to site disorder.  At 24 K for GdM2 a kink in resistivity is observed 

which corresponds to the onset of antiferromagnetism in agreement with the molar magnetic 

susceptibility.  The sudden drop in resistivity, again, is due to the reduction in spin disorder 

scattering.  In both analogues the RRR values are close to 1, providing insight to the intrinsic Ag, 

Al, and Si disorder throughout the lattice. 
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a)  

b)  

c)  

 

Figure 3.6a – 3.6c C – Cphonon as a function of a) T
3/2

 (K
3/2

), b) T
2
 (K

2
), and c) T

3
 (K

3
) for CeM2. 
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a)  

       b)     

Figure 3.7a – 3.7c (a) Electrical resistivity of CeM2 as a function of T
n
 where n = 2 (open 

circles) and 5/2 (closed squares). (b) Electrical resistivity of Ce(M)2 with an applied field of 0 T 

(closed black square) and 9 T (open blue circles) as a function of temperature for I║ab and 

resistivity for H = 0 T with I║c (open green squares).  The inset is an enlarged view of the low 

temperature resistivity.  (c) Electrical resistivity of Gd(M)2 with the low temperature region 

expanded in the inset. 
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c)  

(Figure 3.7 continued) 
 

 
Figure 3.8 TC (K) as a function of unit cell volume (Å

3
) for CeSi2-xGex (closed squares) 

21
, CeAl-

xSi2-x (closed circles) 
13

, CeyLa1-ySi2 (closed diamonds) 
22

, CeSi2-xGax (closed triangles) 
23,24

, and 

Ce(M)2 (open circle). 

Single crystals of Ce(Ag,Al,Si)2 and Gd(Ag,Al,Si)2 were grown by the flux growth 

technique.  The crystals were characterized by single crystal X-ray diffraction and composition 
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determined by SEM/EDXS.  We have shown that CeM2 orders ferromagnetically at 11 K with a 

second antiferromagnetic transition at 9 K.  In addition, the transport behavior of CeM2 is 

consistent with Kondo interactions and specific heat measurements reveal an enhanced 

Sommerfeld coefficient (γ0 ~ 53 mJ/K
2
-mol in the ordered state).  In an attempt to understand the 

amplitude of the TC in this structure type, a plot of TC vs. unit cell volume was compiled from 

CeSi2-xGex 
21

, CeAlxSi2-x,
13

 CeyLa1-ySi2,
22

 and CeSi2-xGax 
23,24

 as shown in Figure 3.8.  Curiously, 

there is no universal dependence of TC on unit cell volume.  It would be expected that the 

distance between Ce nearest neighbors is what determines TC, which is not the case in the α - 

ThSi2 structure type.  This suggests that although we have a local moment ordering, the ordering 

temperature is not just determined by Ce – Ce distances but is extremely sensitive to the 

electronic structure.  Additionally, GdM2 orders antiferromagnetically at 24 K, with a minimum 

in the resistivity at 32 K.  The antiferromagnetic ordering temperature for GdM2 was suppressed 

by 8 K over the related GdAl0.98Si1.02 phase
8
 and we have presented the possibility of frustration 

due to the triangular rare-earth lattice along the ab plane. 
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CHAPTER 4. CRYSTAL GROWTH, STRUCTURE, AND PHYSICAL  

PROPERTIES OF LnCu2(Al,Si)5 (Ln =La and Ce) 

4.1 Introduction 

An important family of compounds are the magnetic, heavy fermion superconducting 

CenMIn3n+2 (M = Co, Rh, or Ir, n = 1 or 2) phases.
1-6

  It was of interest if single crystals of an 

isostructural phase could be stabilized for Pd derivatives and how the addition of one valence 

electron would perturb the ground state of the CenMIn3n+2 family.  An isostructural derivative 

was not found, however a new compound was observed.  CePdGa6 (γ > 230 mJ/K
2
mol, TN = 5 

K), an antiferromagnetic heavy fermion, was grown from excess Ga flux and crystallizes with 

the SrAu2Ga5 structure type.
7-9

  Additionally, a structurally similar antiferromagnetic phase, 

Ce2PdGa12, was grown (γ > 70 mJ/K
2
mol, TN = 11 K) and is isostructural to Sm2NiGa12.

7,10
  The 

observation of two new antiferromagnetic phases with enhanced mass behavior resulted in 

exploration of both the Ni and Cu containing phases.  Judicious exploration of this phase space 

resulted in stabilization of Ln2MGa12 (Ln = La – Nd and M = Ni or Cu).
11,12

  Later Ln‟s are 

formed for α – LnNiGa4 (Y, Gd – Yb), β – LnNi1-xGa4 (Ln = Tb - Er), SmCu4Ga12, and 

Ln(Cu,Ga)12 (Ln = Y, Gd – Er, and Yb).
13-16

  In any case, Ni or Cu derivatives of CePdGa6 were 

not observed. 

Exploration of similar phase space with Al flux resulted in the isolation of LaNi1+xAl6-x 

and more recently CePd1-xAl6-x.
17,18

  The disorder in these compounds is observed on the 2h 

Wyckoff position, the same site observed to disorder in the parent phase SrAu2Ga5.  Band 

structure calculations from DFT calculations reveal the stabilization of this structure may arise 

from the optimization of Al – Al and Al – Ni contacts in LaNi1+xAl6-x and valence electron count 

of 19.68 electron/f.u.
17

.  This is in good agreement with CePd1-xAl6-x (~ 19.5 e-/f.u.), CePdGa6 (~ 

21 e-/f.u.), and SrAu2Ga5 (~ 19 e-/f.u.).
8,9,18
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While working on compounds in the Ln-Cu-Al phase space (Ln = La and Ce), searching 

for highly disordered Cu/Al compounds, we have grown pseudo-ternaries of the SrAu2Ga5 

structure type.  This work is motivated by the observation of mass enhancement, γ, in a plethora 

of disordered compounds recently reported by our group.
11,16,19,20

  Here in we report the crystal 

growth, both single crystal and polycrystalline, magnetic, and transport properties of a new 

derivative of the SrAu2Ga5 structure type, LnCu2(Al,Si)5 (Ln = La and Ce). 

4.2 Experimental 

4.2.1. Synthesis 

Single crystals of CeCu2(Al,Si)5 were first grown in the presence of excess Al flux.
21

  Ln 

(Alfa Aesar, 3N, chunks), Cu (Alfa Aesar, 3N, powder), and Al (Alfa Aesar, 5N, pellets) were 

used as received and loaded into an alumina crucible with a reaction ratio of 1:1:10 for Ln:Cu:Al 

respectively.  Rare earth elements are stored in vacuum desiccators to prevent oxidation (0.1 

mmHg).  The crucibles were placed into a fused silica tube with silica wool used as a filtering 

medium and the contents were evacuated (0.05 – 0.07 mmHg) and sealed. The charged vessel 

was loaded into a furnace and heated to a dwell temperature of 1200 °C for 72 h at 250 °C/h.  

Samples were slowly cooled to 1000 °C with a rate of 2 °C/h at which the cooling rate was 

doubled to 4 °C/h to a dwell temperature of 720 °C upon which the samples were centrifuged to 

separate crystals from the Al flux.  Subsequent attempts to repeat this growth failed, resulting in 

the growth of CeCuAl3 crystallizing in the BaAl4 structure type.  Close investigation of the 

composition via SEM/EDS revealed the presence of Si.  No silicon was added for the initial 

reaction.  Silicon was introduced into the reaction either from the fused silica tube or more likely 

the silica wool filtering material at high temperature.  Subsequent growths were carried out with 

the following reaction ratios: 1:2:0.1:10, 1:2:0.5:10, and 1:2:2:10 for Ce:Cu:Si:Al, Si (Alfa 
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Aesar, 5N, powder), which resulted in the successful growth of CeCu2(Al,Si)5 and a BaAl4 type 

impurity (Ce(Cu,Al,Si)4), CeCu2(Al,Si)5 and a BaAl4 type impurity, and a BaAl4 type impurity 

for each reaction ratio respectively.  The presence of both phases, CeCu2(Al,Si)5 and the BaAl4 

type phase, were confirmed by both X-ray powder diffraction and single crystal X-ray 

diffraction.  The stabilization of a phase adopting the BaAl4 type phase maybe expected due to 

the structural similarities between the SrAu2Ga5 and BaAl4 structure types.
17

  Attempts were 

made to mechanically separate the phases though both form plate-like crystals, the BaAl4 type 

impurity formed a larger and thicker plate.  Specifically CeCu2(Al,Si)5 grow as thin sub-mm 

plate protruding from the surface of the BaAl4 type impurity.  The mechanical separation did 

result in small amounts of the impurity phase remaining on the small single crystals of 

CeCu2(Al,Si)5.  The reaction ratio 1:2:0.1:10 and 1:2:0.5:10 were very similar but with the 

smaller amount of Si present larger plate-like single crystals of CeCu2(Al,Si)6 were isolated (< 

0.5 mm).  CeCu2(Al,Si)5 could only be isolated with Si present, all attempts to grow CeCu2Al5 

failed indicating that the presence of Si is critical to the phase stabilization.   

Multiple attempts to grow the La analogue were completed and synthesis was realized 

under the following conditions: La (3N, chunks, Alfa Aesar), Cu (3N, powder, Alfa Aesar), Si 

(5N, powder, Alfa Aesar), and Al (5N, pellets, Alfa Aesar) loaded into an alumina crucible with 

a reaction ratio of 1:2:1:4, respectively.  The sample was heated to 1150 °C at 300 °C/hr for 24 

hrs.  The sample was cooled to 720 °C at a cooling rate of 4 °C/hr upon which the sample was 

centrifuged to cool.  Small (< 0.5 mm) crystals were isolated.  Once again the BaAl4 structure 

type impurity was observed.   

In all growths, silver metallic crystals were retrieved via etching in NaOH (1-3 M) until 

excess aluminum was removed and subsequently cleaned with 10% HNO3, retrieving flux-free 
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single crystals which were observed to be air stable.  Crystal morphology is best described as 

plate-like for La and Ce.   

In light of the presence of the BaAl4 type impurity remaining on the small single crystals 

of LnCu2(Al,Si)5 (Ln = La and Ce) and the inability to avoid the impurity phase, a stoichiometric 

sample was prepared via arc-melt.  The Ln-Cu-Al constituents (same purities as mentioned 

previously) were first melted and the button turned and melted with Si pieces (5N, pieces, Alfa 

Aesar).  Each button was subsequently flipped 3 times to ensure homogeneity.  Mass loss for the 

La and Ce analogues was 0.17% and 0.01% respectively.  X-ray powder diffraction again 

indicated the presence of both LnCu2(Al,Si)5 (Ln = La and Ce) and the BaAl4 type impurity.  The 

samples were annealed at 750 °C for 3 weeks.  Powder X-ray diffraction indicated phase purity 

of LnCu2(Al,Si)5 (Ln = La and Ce).  To ensure the purity, data were collected at Argonne‟s 

Advanced Photon Source using the 11-BM-B high resolution, high throughput powder 

diffractometer.  Results will be discussed further in the results and discussion section.  Attempts 

to grow LnCu2(Al,Si)5 sans Si with the above annealing step resulted in the formation of ThMn12 

type and BaAl4 type impurities, again indicating Si is critical to phase stabilization. 

4.2.2. X-ray Diffraction and Elemental Analysis 

Crystals of LaCu2(Al,Si)5 and CeCu2(Al,Si)5 were cut to suitable sizes for data collection 

(≤ 0.05 mm x 0.05 mm x 0.05 mm) and mounted onto a glass fiber using epoxy.  They were then 

positioned onto the goniometer of a Nonius KappaCCD diffractometer equipped with Mo Kα 

radiation (λ = 0.71073 Å).  Further crystallographic parameters for LnCu2(Al,Si)5 (Ln = La and 

Ce) are provided in Table 4.1.  Direct methods were used to solve the structure.  SIR97 was 

employed to give a starting model and SHELXL97 used to refine the structural model and data 

were corrected with extinction coefficients and refined with anisotropic displacement 
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parameters.
22,23

  Based on lattice parameters and the initial refinements, our initial structural 

model was found to be isostructural to CePdGa6 and crystallize in the SrAu2Ga5 structure type.
8,9

  

However, refinement of the 2h Wyckoff position assuming full main group element occupancy 

(Al), as observed in CePdGa6, resulted in a model with an abnormally small atomic displacement 

parameter (ADP) for the 2h position.  Selected interatomic distances are presented in Table 4.2, 

and atomic positions and displacement are provided in Table 4.3.  These tables reflect the 

structural model obtained after mixing the occupancy of the 2h and 4i positions. 

Table 4.1 Crystallographic Parameters for LaCu2(Al,Si)5 and CeCu2(Al,Si)5 

Formula LaCu2(Al,Si)5 CeCu2(Al,Si)5 

a (Å) 4.221(2) 4.2040(15) 

c (Å) 7.916(3) 7.925(4) 

V (Å
3
) 141.04(11) 140.06(10) 

Z 1 1 

Crystal system tetragonal tetragonal 

Space group P4/mmm P4/mmm 

θ range (°) 2.546-31.507 2.57-34.97 

μ (mm
-1

) 15.589 16.197 

Data collection   

Measured reflections 475 303 

Independent reflections 178 211 

Reflections with I>2σ(I) 178 205 

Rint 0.0159 0.0136 

h -6 – 6  0 – 6 

k -4 – 4 -4 – 4 

l -11 – 11 0 – 12 

Refinement   
a
R1[F

2
>2σ(F

2
)] 0.0232 0.0153 

b
wR2(F

2
) 0.0619 0.0378 

Parameters 13 13 

GOOF 1.456 1.266 

Extinction 0.254(19) 0.085(5) 

Δρmax (eÅ
-3

) 1.156 1.069 

Δρmin (eÅ
-3

) -2.607 -0.768 
aR1=∑║Fo│-│Fc║/∑│Fo│, bwR2 = [∑[w(Fo

2 - Fc
2)]/∑[w(Fo

2)2]]1/2 
w = 1/[σ2(Fo

2)+(0.0344P)2 + 0.1307P] and w = 1/[σ2(Fo
2)+(0.0181P)2 + 0.2080P] 

for La and Ce respectively 
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Table 4.2 Selected Interatomic Distances for LaCu2(Al,Si)5 and CeCu2(Al,Si)5 (Å) 

 LaCu2(Al,Si)5 CeCu2(Al,Si)5 

Ce - M rectangular prisms   

Ce – M (x8) 3.2082(14) 3.1942(11) 

M – M (c-axis, x4) 2.353(2) 2.337(2) 

M – M (ab-plane, x4) 4.221(2) 4.2040(15) 

   

Cu - N rectangular prisms   

Cu – N (x8) 2.5137(12) 2.5114(9) 

N – N (c-axis, x4) 2.731(3) 2.749(2) 

N – N (ab-plane, x4) 2.9847(14) 2.9727(11) 
M = Cu/Al and N = Al/Si   

 
Table 4.3 Atomic Positions and Thermal Parameters for LnCu2(Al,Si)5 (Ln = La, Ce) 

Atom Wyckoff position x y z Occupancy Ueq(Å
2
)

a 

La 1a 0 0 0 1.00 0.0050(3) 

Cu 1b 0 0 ½ 1.00 0.0068(3) 

Cu/Al (M) 2h ½ ½ 0.14862(14) 0.5/0.5 0.0056(3) 

Al/Si (N) 4i 0 ½ 0.32749(17) 0.75/0.25 0.0086(4) 

       

Ce 1a 0 0 0 1.00 0.00526(14) 

Cu 1b 0 0 ½ 1.00 0.00639(18) 

Cu/Al (M) 2h ½ ½ 0.14747(10) 0.5/0.5 0.00616(18) 

Al/Si (N) 4i 0 ½ 0.32658(12) 0.75/0.25 0.0088(2) 
a
Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor. 

SEM/EDS experiments were completed using a Hitachi S-3600N Variable Pressure 

scanning electron microscope equipped with an energy dispersive spectrometer.  The 

accelerating voltage was 15 kV with a beam to sample distance of 15 mm.  These results are 

provided in Table 4.4.  Four crystals each scanned 3 times resulting in 12 total compiled data 

points were used to determine composition for CeCu2(Al,Si)5.  For the LaCu2(Al,Si)5 sample, a 

small aggregate of single crystals was selected and a total to 10 data points collected on separate 

single crystals in the aggregate were used to determine composition.  The results of the elemental 

analysis showed Cu was present in stoichiometric ratios closer to 2 and additionally that Si was 

present at significant quantities close to one.  In light of these findings the starting model was 

inspected for mixed occupancy of Cu and Al in a similar fashion to the mixing observed in 
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EuAu2Ga5 and SrAu2Ga5 
9
.  It is worth noting that Cu/Al and Cu/Si mixing has been previously 

observed.
16,20

  Modeling the 2h Wyckoff position as having mixed occupancy of Cu and Al 

resulted in more well behaved atomic displacement parameters, a disorder observed in both 

LnNi1+xAl6-x and LnPd1+xAl6-x.
17,18

  Additionally, the 4i Wyckoff position was disordered to 

represent occupancy of both Al and Si, resulting in a structural model that converged with small 

final difference residual peaks and well behaved atomic displacement parameters.  Additionally, 

ground single crystal samples were characterized by powder X-ray diffraction with a Bruker 

AXS D8 Advance Diffractometer. 

Table 4.4 Composition as Obtained from Energy Dispersive X-ray Spectroscopy 

 LaCu2(Al,Si)5 CeCu2(Al,Si)5 

Ln
a 

1.00(2) 1.00(2) 

Cu 1.95(6) 1.96(4) 

Al 4.14(7) 4.08(4) 

Si 0.97(3) 0.95(3) 

Ln:X
b
                1:7.07(9) 1:6.99(6) 

a Composition is normalized to lanthanide. 
bX = Cu, Al, and Si 

 

4.2.3. Physical Properties 

In light of small amounts of impurities on the single crystals after mechanical separation, 

polycrystalline samples of CeCu2(Al,Si)5 were used for magnetic measurements.  Magnetic data 

were collected using a Quantum Design Magnetic Property Measurement System (MPMS).  The 

temperature-dependent susceptibility data were measured under field-cooled (FC) conditions 

between 2.25 K to 400 K for CeCu2(Al,Si)5 under an applied field of 0.1 T.  Field-dependent 

magnetization data were measured at 5, 7, 9, 11, 15, and 20 K with applied fields up to 5 T.  The 

electrical resistivity measurements were measured on single crystals by the standard four-probe 

AC technique. 
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Figure 4.1 The crystal structure of CeCu2(Al,Si)5 is shown. (a) Ce (1a) atoms are represented 

with large light green spheres, Cu (1b) atoms are denoted as medium light blue spheres, Al/Cu 

(2h) atoms are denoted as M in small grey spheres, and Al/Si (4i) atoms are denoted as N in 

small grey spheres.  Dashed lines show the unit cell.  The local 8 coordinate Ce environment is 

shown as a light green translucent rectangular prism with the 8 coordinate Cu local environment 

shown as a translucent light blue rectangular prism. 

4.3. Results and Discussion 

4.3.1 Structure 

The SrAu2Ga5 structure type has been shown to crystallize with a range compositions that 

more closely resemble the general formula LnM2-xY5+x where the x can have values up to 1 when 

M = Pd and Y = Ga. 
8,9,17,18

  Herein, CeCu2(Al,Si)5 will be discussed as the general structural 

model for both analogues, LaCu2(Al,Si)5 and CeCu2(Al,Si)5, as only unit cell parameters and 

interatomic distance change due to the lanthanide contraction.  The pseudo-ternary 

CeCu2(Al,Si)5 crystallizes in the P4/mmm space group (No. 123) with lattice parameters of a = 

4.2040(15) and c = 7.925(4), and the Ce, Cu, M, and N (M = Al/Cu and N = Al/Si) atoms 

occupying the 1a, 1b, 2h, and 4i Wyckoff position, respectively. 

The structure of CeCu2(Al,Si)5 is shown in Figure 4.1, and can be best described as a 

stacking of rectangular prisms in alternating face/edge sharing arrangements rotated by 45 ° with 

a
b

c

Ce

M

N

Cu
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respect to the other in the crystallographic c direction.  The local environments, as can been seen 

in Figure 4.1, of Ce (1a) can be described as a face-sharing 8-coordinate rectangular prismatic 

environment (CeM8/4, M = Cu and Al) where the local environment of Cu (1b) can be described 

similarly as an edge-sharing rectangular prismatic environment (CuN8/2, N = Al and Si).  In 

SrAu2Ga5 the 2h position is equally occupied by Ga and Au.
9
  In a similar fashion we observe an 

equal distribution of Cu and Al atoms on this position in CeCu2(Al,Si)5. Additional disorder was 

observed with Al and Si jointly occupying the 4i Wyckoff position.  It is worthwhile to note that 

several synthetic attempts were made to grow Si free single crystals, all of which resulted in the 

isolation of undesired phases.  Both the 2h and 4i positions were checked for Si occupancy, but 

only mixing the occupancy of the 4i position with Si lead to a stable structural model.  It is 

difficult to refine structural models, obtained from X-ray diffraction, and isolate quantitative data 

relating to the chemical composition when constituents differ by only one atomic number (Si and 

Al).  Therefore, the model was adjusted to reflect the composition of Si that resulted from 

SEM/EDS measurements; Cu was refined separately from the EDS results and independently 

reflected the values obtained from SEM/EDS.  The final model resulted in a composition that 

reflected well the elemental composition found by SEM/EDS.  Ce to M (M = Cu/Al) distances 

agree well with other compounds that share a similar disorder of Cu and Al mixing.  Ce – Cu/Al 

distances in CeCu2(Al,Si)5 of 3.2086(16) agree well with previously reported distances observed 

in Ce(Cu,Al)12 and CeCuAl3 of 3.2427(10) and 3.245(12) respectively.
16,24

  Cu – Al/Si distances 

in the title phase of 2.5126(18) agree well with distance found in related CuSi and CuAl 

containing phases [Ce(Cu,Al)12 – 2.6972(7), CeCu2Al3 – 2.5893(1), CeCu2Si2 – 2.415, and 

CeCuSi – 2.4479(8)].
16,25-27
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4.3.2 Physical Properties 

Figures 4.2 and 4.3 show the temperature dependence of the magnetic susceptibility of 

single crystal of CeCu2(Al,Si)5 measured with an applied field of 0.1 Tesla and the field 

dependence of magnetization at 3 K.  The magnetic susceptibility was fit to a modified Curie-

Weiss equation of the following form: χ(T) =0 + C/(T – θ), where C represents the Curie 

constant and θ is the Weiss temperature in the paramagnetic state, and where 0 is representative 

of a constant background. The effective moments obtained from C were compared to the 

calculated values using μeff = gJ(J(J+1))
1/2

 , they are both summarized in Table 4.5. 

The temperature-dependent magnetic susceptibility of CeCu2(Al,Si)5 in an applied field 

of 0.1 T is shown in Figure 4.2.  CeCu2(Al,Si)5 is paramagnetic down to 3 K and displays Curie-

Weiss behavior above 200 K as can be seen in Figure 4.2.  The recovered magnetic moment of 

2.19 μB/mol Ce, fit over the range 200 – 400 K, which is somewhat lower than the calculated 

moment of 2.54 μB/mol for a free Ce
3+

 ion, χ0 = 6.0x10
-4

.  A negative Weiss constant, θ = -41.0 

K, indicates strong antiferromagnetic correlations yet no clear transition is observed down to 3 

K.  The field-dependent magnetization up to 5 T at 5, 7, 9, 11, 15, and 20 K are presented in 

Figure 4.3 for CeCu2(Al,Si)5.  The magnetization data above 10 K is linear and shows no sign of 

saturation where the data at 5, 7, and 9 K show a continually changing slope as would be 

expected for a paramagnet. 

The observation of a somewhat smaller effective moment in CeCu2(Al,Si)5 is in good 

agreement with the µeff(poly) of 2.32 µB/mol Ce for CePd1.5Al5.5 (µeff(poly) = 2/3 χa + 1/3 χc; Tc = 3 

K).
18

  Single crystals of CePd1.5Al5.5 displayed highly anisotropic magnetic behavior with µeff = 

2.18 and 2.59 µB/mol Ce for H║ab and H║c respectively.  Magnetic susceptibility on the single 
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Figure 4.2 Molar magnetic susceptibility, χm = M/H (emu/mol), of CeCu2(Al,Si)5 as a function 

of temperature measured under an applied field of 0.1 T on the left axis, and inverse molar 

magnetic susceptibility, χm = H/M (mol/emu) as a function of temperature on the right axis.  

crystals reveal a ferromagnetic transition at 3 K and θW values indicate that ferromagnetic 

correlations predominate in the ab plane (easy axis of magnetization) where antiferromagnetic 

correlations exist along the c axis (hard axis of magnetization).  This is in markedly different 

then the magnetization observed in CePdGa6, which orders antiferromagnetically in both 

crystallographically unique directions at 5 K.
7
  The increase in disorder and change in lattice 

constants associated with CeCu2(Al,Si)5 could explain the suppression any magnetic transition 

below 2.25 K. 

The electrical resistivity as a function of temperature for CeCu2(Al,Si)5 is shown in 

Figure 4.4.  Metallic behavior is observed down to 10 K for CeCu2(Al,Si)5.  Resistivity from 5 < 

T < 10 K increases with decreasing temperature reaching a maximum value at 5 K.  A broad 

features above the minimum in the resistivity data and the upturn below the minimum is 
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consistent with Kondo behavior or increased scattering due to site disorder.  A linear fit from the 

minimum to the magnetic transition in the resistivity (10 K < T < 5 K) scales linearly with the 

lnT, reinforcing Kondo behavior.  This observation is not that surprising as most related 

analogues show heavy fermion behavior.
7,17,18

  The peak in resistivity data at 5 K and a sudden 

drop in resistivity is possible due to reduced spin disorder scattering.  The resistivity may reflect 

contamination from the BaAl4 impurity as is was performed on single crystal samples.  We 

currently await resistance data on the polycrystalline sample.  Additionally, resistivity, 1 < T < 5 

K, scales as T
2
 indicative of electron-electron scattering, again consistent with the enhanced 

Sommerfeld coefficient.  Magnetoresistance is shown in the inset of Figure 4.4 and is small and 

negative.  This rules out the possibility of the sharp drop in resistivity at 5 K being due to a 

superconducting impurity phase. 

 

Figure 4.3 Magnetization of CeCu2(Al,Si)5 as a function of applied field at 5, 7, 9, 11, 15, and 

20 K. 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6

M
 (


B
/m

o
l 
C

e
)

H (T)

7 K

9 K

11 K

15 K

20 K

5 K
CeCu2(Al,Si)5 



80 

 

Table 4.5.  Magnetic Properties of CeCu2(Al,Si)5. 

  Applied 

field (T) 

C θ μcalc  μeff  Fit range  Ordering, TN 

    
 

(μB) (μB)    (K)         (K) 

CeCu2(Al,Si)5
* 

0.1 0.60(3) -41.0 2.19 2.58 200-400          PM
a 

a paramagnetic 

 

Figure 4.4  Electrical resistivity of CeCu2(Al,Si)5 as a function of temperature.  The upper left 

inset shows the magnetoresistance, (%) [((ρ – ρ0)/ρ0) x 100], as a function of applied field.  The 

lower right inset is an enlarged view of the low temperature resistivity. 

Single crystals of LaCu2(Al,Si)5 and CeCu2(Al,Si)5 were grown by the flux growth 

technique, and subsequent phase-pure polycrystalline samples were prepared by arc melting 

constituent elements in stoichiometric ratios and annealing.  Single crystals of both 

LaCu2(Al,Si)5 and CeCu2(Al,Si)5 were characterized by single crystal X-ray diffraction and 

composition determined by SEM/EDXS.  Polycrystalline samples were characterized by both 

powder X-ray diffraction, both in house and at Argonne‟s Advanced Photon Source.  

Polycrystalline samples were sent for physical property measurements.  We have shown that 
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CeCu2(Al,Si)5 does not order and remains paramagnetic down to 2.25 K.  In addition, the 

transport behavior of CeCu2(Al,Si)5 is consistent with Kondo interactions but may have 

contributions from a BaAl4 type impurity. 
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CHAPTER 5. OTHER COLLABORATIVE PROJECTS AND CONCLUSIONS 

5.1 Introduction 

As a materials science group, our focus is on the growth and structural characterization of 

new materials with a concomitant interest in their physical properties.  Simply growing a 

material is not enough.  Materials science, by its nature, is intrinsically interdisciplinary.  When 

we design or discover new materials, we want to know what are the properties of the material 

and how are they derived through the interaction of the charge, spin, and lattice degrees of 

freedom.  This is not a question of one strict discipline, but rather a question that easily spills into 

chemistry, crystallography, physics, and in some labs, biology.  We rely heavily upon our 

collaborators for the physical property measurements as they often rely on or groups expertise 

for structural elucidation.  Understanding our and our collaborators areas of strength, allows for a 

more complete end product while minimizing the overhead. 

The works in the preceding chapters would not have been possible if it were not for the 

collaborations with outside groups.  The remaining work presented in this chapter is more 

eclectic, as the projects described herein are more collaborative in nature and represent my 

contribution to the future final product.  They include projects that contain contributions from 

both internal and external group collaborations.  I feel it to be best to begin with a discussion of 

my contributions to a series of gallium containing materials (Ln(Cu,Al,Ga)13-x, Ln4FeGa12, and 

two polymorphs α and β LnNiGa4) that involve both internal and external collaborative efforts. 

5.2 Lanthanide and Transition Metal Containing Gallides (Ln(Cu,Al,Ga)13-x, α and β 

LnNiGa4, and Ln4FeGa12) 

5.2.1 Ln(Cu,Al,Ga)13-x (Ln = La, Ce, Pr, and Eu) 

5.2.1.1 Introduction 

Intermetallic compounds adopting the NaZn13 structure-type display highly correlated 

electron behavior and are of great interest to the solid state physicists and chemists.
1,2

  Examples 
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of such behavior are found in the compounds UBe13 and CeBe13.  UBe13 was reported to be a 

heavy-fermion compound defined by the anomalously large electronic specific-heat coefficient γ 

~ 1100 mJ mol
-1

 K
-2 

at low temperatures and shows an unconventional superconducting state 

mediated by f-electrons below 0.85 K.
3-7

  Enhanced mass ( γ ~ 58 mJ mol
-1

 K
-2

) has also been 

reported for CeBe13 which is a mixed-valence system.
6,8 

Heavy-fermion behavior is commonly associated with the valence instability of the 4f 

electrons in Ce-, U-, or Yb-based compounds.
1,9-11

  However, more recently several Pr-based 

heavy-fermion compounds have been reported.  Heavy-fermion behavior in Pr-based 

intermetallic compounds is exotic as it is well-known that the localized 4f
2
-electrons of Pr

3+
 ions 

are stable.  The Heusler-type PrInAg2 (γ ≈ 6500 mJ mol
-1

 K
-2

) has been reported as the first Pr-

based heavy-fermion compound and its resistivity is not quadratic in T.
12-15

  Previously we have 

reported that Pr(Cu,Ga)13 shows heavy fermion behavior with γ ~ 100 mJ mol
-1

 K
-2

 and it 

follows what is expected for the Kadowaki-Woods relation (0.727x10
-5

).
16-18

 

In light of the discovery of an enhanced mass state in Pr(Cu,Ga)13, it was of interest how 

a systematic shift to Al would impact the low temperature physics.  Early attempts to grow 

Pr(Cu,Al)13 were unsuccessful.  The addition of Ga metal as a second flux to suppress the 

melting temperature of Al led to crystallization of large (> 5 x 5 x 5 mm
3
) cubes of 

Ln(Cu,Ag,Ga)13 (Ln = La, Ce, Pr, and Eu).  A survey of the literature reveals that CeCu6.5Al6.5 

was successfully grown and single crystal data collection reveals mixed occupancy on both the 

96i and 8b Wyckoff positions.
19

  It is also worth noting that Ln(Cu,Al)13 (Ln = Nd and Eu) shows 

the onset of ferromagnetism at 6 and 16 K respectively, however Ln(Cu,Ga)13 (Ln = La, Ce, Pr, 

Nd, and Eu) remain paramagnetic down to 3 K for all analogues.  The unit cell volumes for the 

Eu analogues reported were as follow: Eu(Cu,Al)13 (V ~ 1697) and Eu(Cu,Ga)13 (V ~ 1683 Å
3
).  
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An increase in the Ln - Ln nearest-neighbor distance resulted in a switch from paramagnetic 

coupling to ferromagnetic coupling.  Interestingly, the unit cell volume found for Eu(Cu,Al,Ga)13 

is V ~ 1701 Å
3
, a slight increase from Eu(Cu,Al)13 and not expected from Al/Ga disorder.   

Understanding how Cu, Ga, and Al are disordered could shed light, not only on the enhancement 

or disappearance of an enhanced mass state in Ln(Cu,Al,Ga)13 for Ln = Pr and Eu, but how the 

magnetic coupling is impacted for the Eu analogue with further lattice expansion. 

As mentioned above, the previously reported pseudo-binary analogues of Ln(Cu,Ga)13 

(Ln = La, Ce, Pr, Nd, and Eu), Cu and Ga preferentially disorder on the 96i Wyckoff position. 

SEM/EDS measurements support the off stoichiometric ratios of Ln(Cu,Al,Ga)13 (Ln = La, Ce, 

Pr, and Eu).  These cubic crystals were cleaved so we could ensure the appearance of Ga was not 

just at the surface. Cleaved crystals of each analogue were oriented such that EDS studies could 

be performed on the surface and interior of each crystal.  This confirmed the presence of Ga both 

at the surface and throughout the single crystal.  In addition to mixed occupancy in Ln(Cu,Ga)13 

on the 96i position, the 8b Wyckoff position is partially occupied.  We have collected single 

crystal X-ray diffraction data for Ln(Cu,Al,Ga)13 (Ln = La, Ce, and Pr) analogues.  Multiple 

attempts to model the disorder in single crystal X-ray diffraction data have failed.  The degree of 

disorder and similarities of Cu and Ga X-ray structure factors result in models that do not 

converge if the disorder is probed. 

5.2.1.2 Synthesis 

Single crystals of Ln(Cu,Al,Ga)13-x (Ln = La – Pr and Eu) were grown in the presence of 

excess Al and Ga mixed metal flux.
20

  Ln (3N, chunks, Alfa Aesar), Cu (5N, powder, Alfa 

Aesar), Al (5N, pellets, Alfa Aesar) and Ga (7N, pellets, Alfa Aesar) were used as received and 

loaded into an alumina crucible with a reaction ratio of 1:9:10:10 for Ln:Cu:Al:Ga respectively.  
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Rare earth elements are stored in vacuum desiccators to prevent oxidation (0.1 mmHg).  The 

crucibles were placed into a fused silica tube and the contents were evacuated (0.05 – 0.07 

mmHg) and sealed.  The charged vessel capped with silica wool was loaded into a furnace and 

heated to a dwell temperature of 1100 °C for 10 h at 200 °C/h.  Samples were slowly cooled to a 

final dwell temperature of 480 °C at a rate of 2 °C/h upon which the samples were centrifuged to 

separate crystals from the Al and Ga flux.  In all growths, silver metallic crystals were retrieved 

via etching in NaOH (1-3 M) or 6 M I2 in DMF until excess aluminum or Ga was removed.  The 

crystals were subsequently cleaned with 10% HNO3, retrieving flux-free single crystals which 

were observed to be air stable.  Crystal morphology is best described as large (1 – 5 mm) faceted 

cubes for all analogues as can be seen in the collage in chapter 1, Figure 1.1. 

The central theme of our research group has been, and continues to be, the discovery of 

novel, highly correlated electron systems in large, single crystal form. These systems are known 

to exhibit exotic properties such as heavy fermion behavior as mentioned above.  Moreover, we 

employ the flux-growth method to discover and grow large single crystalline materials so that we 

may accurately determine structure/physical property relationships.  The ability to derive 

correlations between the crystal structure and physical property measurements such as: 

directional magnetic anisotropic, transport measurements, and the electronic structure 

necessitates the need for high quality single crystals.  This project currently awaits neutron beam 

line time at Oak Ridge National Lab (ORNL) using the TOPAZ single crystal beam line such 

that the nature of the Cu/Al/Ga disorder may be probed. 

5.2.2 α-LnNiGa4 (Ln = Y, Gd-Yb) and β-LnNi1-xGa4 (Ln = Tb-Er) 

5.2.2.1 Synthesis 

Synthesis was achieved by melting Ln-Ni-Ga constituents with a reaction ratio of 

1.5:1:15 for both the α-LnNiGa4 (Ln = Y, Gd-Yb)
21

 and β-LnNi1-xGa4 (Ln = Tb-Er).  Careful 
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selection of the cooling regime allowed for phase segregation and isolation of single crystals.  

More synthetic details are given in Figure 5.1. 

5.2.2.2 Physical Properties 

Figure 5.2 shows the temperature dependent magnetic susceptibility, χm, of β-LnNi1-xGa4 

(Ln = Tb-Er) measured under zero-field-cooled conditions from 2 K to 300 K with an applied 

field of 0.1 T perpendicular to the direction of the plate, and the inset of Figure 5.2 shows the 

inverse susceptibility, χm
-1

, for the same series.  All analogues, Tb-Er, were fit with a modified 

Curie-Weiss equation of the form: χ(T) = 0 + C/(T – θW), where C is the Curie constant, θW is 

the Weiss temperature (K), and χ0 is a constant, representative of any Larmor diamagnetic, Pauli 

paramagnetic, and background contributions to the magnetic susceptibility.  In all cases, the 

modified Curie-Weiss equation was fit over the linear region of χm
-1

.  Table 5.1 gives a summary 

of the magnetic properties of β-LnNi1-xGa4 (Ln = Tb-Er), including the TN, μeff (calculated and 

experimental), θW, and fit range.  When making reference to the applied field and its direction 

relative to the c-axis, crystals grew as plate-like aggregates, and directions were assigned as the 

c-axis being perpendicular to the plates for β-LnNi1-xGa4 (Ln = Tb-Er). 

β-LnNi1-xGa4 (Ln = Tb, Dy, and Er) undergoes an antiferromagnetic transition (TN) at ~7, 3.5, 

and 7 K, respectively, with the Ho analogue remaining paramagnetic down to 2 K with H = 0.1 

T.  The inset of Figure 5.2 shows the inverse magnetic susceptibility, χm
-1

(T).  Above 20 K for 

H║c, the series exhibits paramagnetic Curie type behavior.  The magnetic properties of β-

TbNi0.9(1)Ga4 are similar to that of TbNiGa3Ge (TN  ~ 5 K and observed µsat ~ 3 µB).
22

  Fitting the 

data above 25 K for Tb and Dy and above 20 K for Ho and Er, respectively, resulted in θW =  

–43.6(5), –22.7(2), –14.1(5), and –6.1(1) K for Tb, Dy, Ho, and Er, respectively.  The negative 

θW values indicate that antiferromagnetic coupling predominates and are consistent with the 
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ordering observed for both TbNi0.9(1)Ga4, DyNi0.9(1)Ga4, and ErNi0.9(1)Ga4.  Frustration values, 

│θW│/TN, of 2-5 are considered typical for an antiferromagnetic system.
23

  A quick assessment 

of Tb and Dy reveal values close to 7, an intermediate value for frustration, as values of 10 and 

larger are typically considered frustrated.
23

  The frustration parameters, 6.2, 6.5, >10, and 0.9 for 

Tb, Dy, Ho, and Er analogues respectively, indicate increasing frustration across the series β- 

LnNi0.9(1)Ga4 (Ln = Tb-Ho), followed by a decrease in magnetic frustration in β-ErNi0.8(1)Ga4.
23

  

The decrease in magnetic frustration on moving across the series β-LnNi1-xGa4 (Ln = Tb, Dy, and 

Er) is consistent with decreasing structural frustration as seen in the increasing Ln-Ga4/Ga5 

interatomic distances, when comparing β-HoNi0.9(1)Ga4 and β-ErNi0.8(1)Ga4.  The disorder in the 

local environment of the Ln in β-LnNi1-xGa4 (Ln = Tb-Er) can be attributed to the varying local 

electronic environment of the Ln which manifests as magnetic frustration; the spin-glass 

behavior observed in Ce2Ag1-xGa10-y,
24

 Ce2CuSi3,
25

 and Ce2CuGe3
26

 has been attributed to such 

structural disorder in the local Ln
3+

 environments.  Frustration due to structural disorder in β-

LnNi1-xGa4 (Ln = Tb-Er) is consistent with the large discrepancy between TN and W in β-LnNi1-

xGa4 (Ln = Tb-Er), as shown in Table 5.1. 

Table 5.1  Magnetic Properties of β-LnNi1-xGa4 (Ln = Tb-Er) 

  TN (K) eff (B) eff (B) W (K) T (K) 

calculated experimental 

β-TbNi0.9(1)Ga4 7 9.72 9.8(1) -43.6(5) 25-300 

β-DyNi0.9(1)Ga4 3.5 10.65 10.5(1) -22.7(2) 25-300 

β-HoNi0.9(1)Ga4 ----- 10.61 10.5(2) -14.1(5) 20-300 

β-ErNi0.8(1)Ga4 7 9.58 8.9(2) -6.1(1) 20-300 
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Figure 5.1  Depiction of the temperature profile used to grow both the α- and β- LnNiGa4.  

Below the temperature profile are optical images of the β- TbNiGa4 α- TmNiGa4 analogues. 

 

Figure 5.2  Magnetic susceptibility, χm = M/H (emu/mol Ln), as a function of temperature, T 

(K), with an applied field of H = 0.1 T for β-TbNi0.9(1)Ga4 (open circles), β-DyNi0.9(1)Ga4 (open 

squares), β-HoNi0.9(1)Ga4 (closed circles), and β-ErNi0.8(1)Ga4 (open triangles).  The inset shows 

the inverse magnetic susceptibility, χm
-1

 = H/M (mol Ln/emu). 
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The magnetic moments recovered, 9.8(1), 10.5(1), 10.5(2), and 8.9(2) µB for Tb, Dy, Ho, 

and Er analogues of β-LnNi1-xGa4 are in good agreement with the calculated spin-only effective 

moments of 9.72, 10.65, 10.61, and 9.5 µB for trivalent Tb, Dy, Ho, and Er, respectively.  In all 

cases, the recovered moment is reflective of the respective Ln
3+

 (Ln = Tb-Er) moment, which 

indicates that Ni atoms show no localized magnetic moment, and their contribution to the 

magnetism is diamagnetic.  Additionally, the relationship between θW (K) and nearest Ln-Ln 

distance (Å) for the -LnNiGa4 (Ln = Gd – Yb) series, as obtained from Romaka et. al.,
27

 and for 

the β-LnNi1-xGa4 (Ln = Tb-Er) series, as obtained from this work, is shown in Figure 5.3.  The 

trend for the -LnNi1-xGa4 (Ln = Tb–Er) series is similar to that of the -LnNiGa4 (Ln = Gd – Yb) 

series indicating the mechanism for the magnetism of both the -LnNiGa4 and -LnNi1-xGa4 

phases are similar.
27

  The similarity in scaling between the two polymorphs would be expected as 

the nearest Ln – Ln distances are similar. 

The field dependence of the magnetization at 3 K for each β-LnNi1-xGa4 analogue is shown in 

Figure 5.4.  The expected saturated moment for a free Tb
3+

 ion is 9.0 μB.  β-TbNi0.9(1)Ga4 does 

not saturate in an applied field up to 9 T and reaches a maximum value of ~ 3.3 μB.  The absence 

of saturation is common for an antiferromagnetic compound.  Similarly, the magnetization of β-

DyNi0.9(1)Ga4 increases linearly up to 5 T, at which point a decrease in slope is observed.  For 

applied fields of 5 < H < 9 T for β-DyNi0.9(1)Ga4, a linear increase is observed with maximum 

saturated moment of 5.6 μB at 9 T (μsat = 10.0 μB for Dy
3+

).  β-HoNi0.9(1)Ga4 does not order 

magnetically down to 2 K, as noted from the magnetic susceptibility.  This is reinforced by the 

magnetization data collected at 3 K.  The magnetization of β-HoNi0.9(1)Ga4 is linear at low 

applied fields (H < 3 T) with fields larger than 3 T, and a change in slope is observed, indicative 

of the onset of spin saturation in a paramagnet.  A maximum value of 6.5 μB at 9 T is recovered 
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(μsat = 10.0 μB for Ho
3+

).  Under low applied field, the magnetization of β-ErNi0.8(1)Ga4 is very 

similar to β-HoNi0.9(1)Ga4 with linear magnetization.  Instead, a change of slope is observed when 

larger than 2 T external fields are applied with a maximum of  4.9 μB at 9 T. 

 

 

 

Figure 5.3  The variation of θW (K) as a function of de Gennes factor for the  -LnNiGa4
 
(Ln = 

Gd – Tm, open squares) series, as obtained from Romaka et al.,
27

 and the -LnNi1-xGa4 (Ln = Tb 

– Er, open circles) series, as obtained from this work.  -LnNiGa4
 
(Ln = Gd – Tm) corresponds 

to the right (y) axis where -LnNiGa4 (Ln = Tb – Er) corresponds to the left (y) axis.  
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Figure 5.4  Isothermal magnetization of β-TbNi0.9(1)Ga4 (open circles), β-DyNi0.9(1)Ga4(open 

squares), β-HoNi0.9(1)Ga4 (closed circles), and β-ErNi0.8(1)Ga4 (open triangles) as a function of 

applied field at T = 3 K.  Data were recorded while sweeping between 0 to 9 T.  

The resistance data for β-LnNi1-xGa4 (Ln = Tb-Er) are shown in Figure 5.5 (with β-

ErNi0.8(1)Ga4 shown in the inset) with all analogues displaying metallic behavior down to 3 K.  

RRR values [(290 K)/(3 K)] of 3.8, 2.0, 1.4, and 6.0 for the Tb, Dy, Ho, and Er analogues, 

respectively,  are  fairly small and attest to the structural  disorder.   Additionally, a positive 

magnetoresistance [MR = ((H) – (H = 0))/(H = 0)] was measured to be 26, 17, 12, and 67% 

for Tb, Dy, Ho, and Er -LnNi1-xGa4 analogues at 9 T, respectively, are indicative of a classical 

mechanism for Tb, Dy, and Ho, while the Er sample shows enhanced scattering upon application 

of an external field (the Er sample also showed the largest RRR value). 
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Figure 5.5  The electrical resistance of β-TbNi0.9(1)Ga4 (open circles), β-DyNi0.9(1)Ga4(open 

squares), β-HoNi0.9(1)Ga4 (closed circles), and β-ErNi0.8(1)Ga4 (open triangles, inset) as a function 

of temperature is shown. 

 

 

Figure 5.6  The electrical resistivity of α-GdNiGa4 (open circles), α-TbNiGa4 (open squares), α-

DyNiGa4 (open triangles), α-HoNiGa4 (open diamonds), α-ErNiGa4 (closed circles), α-TmNiGa4 

(closed squares), and α-YNiGa4 (closed triangles) as a function of temperature is shown.  The 

inset shows the low temperature resistivity for clarity. 
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The resistivity data for α-LnNi0.9(1)Ga4 (Ln = Y, Gd – Tm) are shown in Figure 5.6.  All 

analogues show metallic behavior down low temperature, with the Tm analogue showing 

metallic behavior down to 5 K.  However the Er analogue does not follow the Ho analogue‟s 

linear trend up to 3 T.  RRR values of 3.6, 3.6, 3.6, 4.3, 3.9, 3.3, and 2.7 were found for Y and 

Gd-Tm, respectively, with α-DyNi0.9(1)Ga4 having the largest positive MR value of 32% at 9 T.  

Similar to -LnNi1-xGa4, α-LnNiGa4 analogues show small values of MR, again indicative of a 

classical scattering mechanism upon application of an external field. 

Crystals of two polymorphs of LnNiGa4 (α and β) were successfully grown.  β-LnNi1-

xGa4 (Ln = Tb-Er), a defect variant of the Ce2NiGa10-structure type,
28

 is isotypic to LnNiGa3Ge 

(Ln = Y, Sm, Gd, Tb, Er, Tm)
22

 with an additional split Ga site.  The structural distortion found 

in β-LnNi1-xGa4 (Ln = Tb-Er) can be attributed to the Ni occupation at the 4e site which induces a 

distortion in the surrounding Ga environment.  We have reported, for the first time, the magnetic 

properties of β-LnNi1-xGa4 (Ln = Tb-Er) and the transport properties of β-LnNi1-xGa4 (Ln = Tb-

Er) and -LnNiGa4 (Ln = Gd – Tm).  The magnetic moments as obtained for β-LnNi1-xGa4 (Ln = 

Tb-Er) from Curie-Weiss fits are consistent with the trivalent lanthanide moment and 

interestingly, both W for -LnNiGa4 (Ln = Gd – Tm)
27

 and β-LnNi1-xGa4 (Ln = Tb-Er) scale as a 

function of de Gennes factor, indicating the mechanism of magnetism is similar between the 

analogues and the magnetic behavior is dominated by an RKKY-type interaction. 

5.2.3 Ln4FeGa12 (Ln = Tb – Er)  

5.2.3.1 Synthesis 

Synthesis was achieved by melting Ln-Fe-Ga constituents with a reaction ratio of 1:1:20 

for Ln4NiGa12 (Ln = Tb-Er).  Further synthetic detail can be found in Drake, B. L. et. al., 

Inorganic Chemistry, 2010. 
29
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5.2.3.2 Single Crystal X-ray Diffraction of Ln4FeGa12 

Crystal fragments with dimensions of ca. 0.05  0.05  0.05 mm
3
 were manually selected 

with an optical microscope for structural analysis.  The crystals were glued onto a glass fiber and 

mounted on a Nonius Kappa CCD diffractometer that used 0.71073 Å Mo K radiation. 

Structural and refinement parameters are given in Table 5.2.  The structure of Ln4FeGa12 where 

Ln is Y, Tb, Dy, Ho, and Er, was solved by direct methods using SHELXS97 and refined using 

SHELXL97;
30,31

 the model of the refined structures were compared with that of the parent 

compound Y4PdGa12.
32

  After refinement, the data were corrected for extinction effects and 

spherical absorption and the displacement parameters were refined anisotropically. Table 5.3 

gives the atomic positions and thermal displacement parameters for the above compounds. 

Additional information in CIF format is provided as supporting information. 

The Ln4FeGa12 compounds, where Ln is Y, Tb, Dy, Ho, and Er, all crystallize in the cubic 

Y4PdGa12 structure, with the m3Im , number 229, space group.
22,32

  The crystal structure of 

Tb4FeGa12, as is shown in Figure 5.7a, consists of face sharing TbGa3 cuboctahedra with corner 

sharing FeGa6 octahedra.  Selected bond distances are given in Table 5.4.  The Fe–Ga2 

interatomic distances are ca. 2.4 Å for all compounds, a distance that is only slightly smaller than 

the sum of the respective iron and gallium atomic radii of 1.24 and 1.22 to 1.25 Å, 

respectively.
33,34

  The Ln–Ga6 cuboctahedra in Ln4FeGa12 have six Ln–Ga1 and six Ln–Ga2 

interatomic distances of ca. 3.0 Å, see Table 5.4.  These values are only slightly shorter than the 

sum of the atomic radii of the respective rare earth and gallium. 

The structure of iron deficient Er4Fe0.67Ga12 is directly related to Dy4FeGa12 as can be 

seen in Figure 5.7b.  Energy dispersive spectroscopy measurements yielded an Er : Fe : Ga ratio 

of 4.2 (2) : 0.53 (5) : 11.8 (3),  ratios that are in good agreement with the refined single crystal 
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composition of Er4Fe0.67Ga12.  In Er4Fe0.67Ga12 the unique Ga2 12e site, found in the other 

compounds, is divided into two crystallographically distinct sites, a Ga2 12e site and a second 

Ga3 12e site, each of which is half occupied.  This splitting results because of a partial 0.38(3) 

occupancy of the Fe1 site.  As is shown in Figure 5.7b, when Fe1 is present, Ga2 is occupied and 

yields the expected octahedral coordination environment.  If the Fe1 site is unoccupied the Ga2 

atoms move toward the octahedral hole giving rise to occupancy of the Ga3 position and 

distorting the cuboctahedra such that it resembles the binary ErGa3 (Pm–3m) subunit that is 

shown in Figure 5.7d.  Inspection of the differences between the structures of ErGa3 and 

Er4FexGa12 indicates that Er4FexGa12 is a body centered variant of ErGa3.  Examination of the 

Fe1 local environment, as is shown in Figure 5.7e, indicates that the presence of Fe1 yields the 

isostructural environment of Dy4FeGa12.  If Fe1 is unoccupied, the structure collapses to that of 

ErGa3.  The Er4Fe0.67Ga12 compound is the end member of the Ln4FeGa12 series, and its single 

crystal structure indicates that the Tm4FexGa12 and Yb4FexGa12 do not form because the iron is 

unable to occupy the body centered position.  This inability is observed in Er4Fe0.67Ga12 as the  

partial occupancy of the Fe1 position.  With Tm4FexGa12 and Yb4FexGa12 the body centered Fe1 

position is not favored and, thus, the 1:3 primitive binary compound is formed.  As may also be 

seen in Figures 5.7b and 5.7c, an Fe2 site with a 0.096(16) occupancy is observed and occupies 

the octahedral holes unoccupied by Fe1.  A close inspection of the Fe2 environment, once again 

reveals a remarkable resemblance to the 1:3 binary structure.  The best description of the 

structure of Er4FexGa12 is that of an intergrowth of the ErGa3 and Er4FeGa12 structures.  Thus the 

structure of Er4FexGa12 can be viewed as a primitive cubic packing of ErGa3 with half of the 

cubes occupied by Fe1 and Fe2. In this view, Fe1 and Fe2 are crystallographically equivalent 

because they both occupy the ½, ½, ½ position of the primitive unit cell of ErGa3.  This 
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description effectively reproduces the Er4FexGa12 structure when x is sufficiently high, such that 

the full symmetry of the body centered cubic structure is observed by single crystal diffraction. 

Table 5.2. Unit Cell and Structural Refinement Parameters  

Compound  Y4FeGa12 Tb4FeGa12 Dy4FeGa12 Ho4FeGa12 Er4Fe0.67Ga12  

Space group  m3Im   m3Im   m3Im   m3Im   m3Im   

a (Å)   8.5650(4) 8.5610(4)  8.5350(3)  8.5080(3) 8.4760(3)  

V (Å
3
)   628.32(5)  627.44(5)  621.74(4) 615.86(4) 608.94(4) 

Z   2  2  2  2  2   

Crystal dimensions (mm
3
) 0.05x0.05x0.5 0.05x0.05x0.05 0.05x0.05x0.05 0.05x0.05x0.05 0.03x0.03x0.04 

Temperature (K) 298(2)  298(2)  298(2)  298(2)  298(2) 

ρ (g/cm
3
)  6.597  8.089  8.239  8.370  8.417  

θ-range  3.36-29.86 3.37-29.88  3.38-29.98 3.39-29.85 2.55-34.97 

μ (mm
–1

)  44.528  48.543  50.275  52.184  53.981 

Collected reflections 294  304  295  278  2130 

Unique reflections 103  108  105  107  159  

h   –11< h < 12 –11< h < 12 -11< h < 12 -11< h < 11 -13< h < 13 

k   –8< k < 8 –8 < k < 8 –8 < k < 8 –8 < k < 8 –13 < k < 13 

l   –7 < l < 7 –7 < l < 7 –7 < l < 7 –7 < l < 7 –13 < l < 12 

Δρmax (eÅ
–3

)  2.605  2.641  3.748  1.513  2.998 

Δρmin (eÅ
–3

)  –1.631  –3.330  –2.342  –3.902  –4.102 

R1 (F)
a
   0.0382  0.0383  0.0305  0.0256  0.0304 

Rw
b
   0.0655  0.0936  0.0871  0.0730  0.0500  

GOF   1.165  1.298  1.238  1.230  1.161 
a
R

1 = Σ||Fo| - |Fc||/Σ|Fo| 
bRw = [Σ [w(Fo

2 – Fc
2)2]/Σ [w(Fo

2)2]]1/2; w = 1/[σ2(Fo
2) + (0.00000P)2 + 4.7941P], w = 1/[σ2(Fo

2) + (0.0390P)2 + 7.8321P], w = 
1/[σ2(Fo

2) + (0.0311P) 2 + 17.4653P], w = 1/[σ2(Fo
2) + (0.0138P)2 + 20.5004P], and w = 1/[σ2(Fo

2) + (0.0000P)2 + 39.2741P] for 
the Y, Tb, Dy, Ho, and Er compounds, respectively. 
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Table 5.3. Atomic Positions and Atomic Displacement Parameters 

Atom  Wyckoff site x  y  z  Ueq(Å
2
)

a 
Occ.

 

Y4FeGa12 

Y1   8c  1/4  1/4  1/4  0.0070(4)  1.0 

Fe1   2a  0  0  0  0.0128(10)  1.0 

Ga1   12d  1/4  0  1/2  0.0128(7)  1.0 

Ga2   12e  0.2848(3)  0  0  0.0154(9)  1.0 

Tb4FeGa12 

Tb1   8c  1/4  1/4  1/4  0.0074(6)  1.0 

Fe1   2a  0  0  0  0.0124(12)  1.0 

Ga1   12d  1/4  0  1/2  0.0127(10)  1.0 

Ga2   12e  0.2850(4) 0  0  0.0158(13)  1.0 

Dy4FeGa12  

Dy1   8c  1/4  1/4  1/4  0.0051(5) 1.0 

Fe1  2a  0  0  0  0.0148(15) 1.0 

Ga1   12d   1/4  0  1/2  0.0109(10) 1.0 

Ga2   12e  0.2828(4) 0  0  0.0184(13) 1.0 

Ho4FeGa12 

Ho1   8c  1/4  1/4  1/4  0.0082(5) 1.0  

Fe1   2a  0  0  0  0.0208(14) 1.0  

Ga1   12d   1/4  0  1/2  0.0128(9) 1.0 

Ga2   12e   0.2814(4) 0  0  0.0237(12) 1.0 

Er4Fe0.67Ga12   

Er1   8c  1/4  1/4  1/4  0.0080(2) 1.0 

Fe1  2a  0  0  0  0.007(4) 0.38(3) 

Fe2  6b  1/2  0  0  0.010(9)0.096(16) 

Ga1   12d  1/4  0  1/2   0.0144(4) 1.0 

Ga2   12e  0.280(4) 0  0  0.017(4) 0.5 

Ga3   12e  0.249(4) 0  0  0.017(4) 0.5 
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 

Table 5.4. Selected Intermetallic Distances  

 Y4FeGa12 Tb4FeGa12 Dy4FeGa12 Ho4FeGa12 Er4Fe0.67Ga12 

Ln cuboctahedra      

Ln1–Ga1(x6) 3.02818(14) 3.02677(14) 3.01758(11) 3.00803(11) 2.99672(11) 

Ln1–Ga2(x6) 3.0428(3) 3.0416(4) 3.0305(4) 3.0199(4) 3.008(3) 

Ln1–Ga3(x6)
1
 - - - - 2.99673(14) 

Ga1–Ga2(x4) 2.8255 2.823(2) 2.827(2) 2.825(2) 2.82(2) 

Fe octahedra      

Fe1–Ga2(x6) 2.439(2) 2.440(4) 2.413(4) 2.394 (4) 2.37(4) 
1
Ga3 is only present when Fe1 does not occupy the center of the octahedral hole. 
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a)  

 

Figure 5.7a – e (a)The crystal structure of Dy4FeGa12. The Dy, Fe, and Ga atoms are shown in 

grey, orange, and green, respectively.  (b) The crystal structure of Er4Fe0.67Ga12. Er and Ga1 are 

shown in grey, Fe1 and Fe2 are shown in orange, and Ga2 and Ga3 are shown in solid green and 

green striped spheres, respectively. (c) The local erbium and iron environments along the [101] 

plane. (d) Primitive unit cell of ErGa3 (Pm3 m). (e) Simple cubic packing ErGa3 subunits with 

iron partially occupying the interstitial sites to form Er4Fe0.67Ga12. 
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5.3 Conclusions 

Throughout this work, a central them has been the growth of new, interesting or novel 

phases and understanding the structure as it relates to disorder/complexity and concomitantly the 

physical properties in hopes of providing sufficient justification that the search for highly 

correlated material can be rationalized by searching for relations between the crystal chemistry 

and physical nature.  The understanding derived from analysis of local environments and 

structural subunits shed light directly on the electronic environment of the lanthanide atoms.  The 

isolation/growth of large (> 1 mm), high quality single crystals is paramount in the elucidation of 

these relationships, as it acts as a window giving a clear view of the structure, and therefore local 

environments, allowing anisotropic physical properties measurements.  These coupled with an 

understanding of the structure allows for rational analysis and a more probative understanding of 

the observed properties of a material. 

An understanding of why specific structure-types stabilize over others, and therefore why 

structure-types have terminal members in the midst of the lanthanide series, could provide a 

more encompassing perspective on the topic of crystal growth.  This has been termed in 

intermetallic systems “the coloring problem”.
35

  With the theoretical treatment of a system 

(density functional theory, local density approximations, and linear tin-muffin orbital to mention 

a few) it is possible to garner an understanding of a materials range of stability in a structure type 

as it relates to the materials valence electron count (VEC).  This shifts the focus from the growth 

of new materials to their theoretical modeling, an endeavor our group is not equipped to 

undertake.  Yet, in select systems, we can contribute and understand why specific analogues are 

the terminal member of a series via careful analysis of the crystal chemistry of that specific 

analogue or the isostructural series. 
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The ThMn12 structure type has a rather substantial formation range across all lanthanides 

and with a host of transition metals with both Al, In, and Ga main group elements.
19,36-49

  When 

searching for new materials this is an attractive caveat that many systems do not boast.  This 

allows one to isolate all variables, barring crystallographic disorder, and study the materials as a 

function of lanthanide (a function of electronic configuration).  One then can better understand 

the driving force behind the observed magnetism.  Yet other ternary systems form for only a 

limited number of rare earths.  Ln(Cu,Al,Ga)13-x and Ln(Cu,Ga)13-x crystallizing in the NaZn13 

structure type only form for Ln = La – Eu.  A burgeoning question is why.  This is a question 

best answered by theory as no clear order exists in the disordered Cu/Al and Cu/Ga positions. 

The structure can be described as a face centered cubic unit cell with a 3 dimensional network of 

connected, filled icosahedra, where the center is occupied by Cu and the surface is statistically 

disordered with 4 Cu and 8 Al atoms.  The inability to resolve this disorder, crystallographically, 

hinders the experimentalist from firmly grasping a reason the Eu analogues are the terminal 

member of the series.  Electronic structure calculations reveal the lowest energy configuration 

arises from maximization of the Cu – Cu distances in the icosahedra and a narrow range of 

stability exists for VEC close to 40.5 e-/f.u.
35,50

  Progression to latter rare earths, past Eu, 

continues to further compress the Cu – Cu distances in the icosahedra, as a result of the disorder 

increase as a result of the desire to optimize the Cu – Cu distances..  Simply, the lanthanide 

contraction.  This decreases the valence electron count as vacancies from dynamically resulting 

in a structure that arises from Gd substitution and contains short, energetically unfavorable Cu – 

Cu distances and a VEC outside optimal bonding. 
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Here after we hope to provide insight on a collection of systems and their disorder and/or 

valence electron count in hopes to provide a clear understanding as it relates to the stabilization 

or termination of a structure-type from the perspective of an experimentalist. 

Er4Fe0.67Ga12 is one example where an experimentalist can clearly explain the termination 

of a structure.  Inspection of the atomic displacement parameters (ADP) across the series 

Ln4FeGa12 (Ln = Tb – Er) reveal that the Fe1 (2a) and Ga2 (12e) positions show significantly 

increased atomic displacement parameters with respect to other positions, a red flag.  Commonly 

this can arise from the incorrect assignment of atom type or crystallographic disorder (statistical 

or dynamic) on said position.  Additionally, the Fe1 – Ga2 distance was abnormally short for the 

Er analogue when compared to the isostructural series.  Probative examination of the remnant 

electron density also revealed a small (~5 e-/Å
3
) peak in the center of a previously unoccupied 

octahedral hole, the same environment Fe1 resides.  This position is weakly populated by an Fe2 

atom (present 10% of the time) and governed by the occupancy of the Fe1 and Ga2 positions.  

Analysis of the large atomic displacement parameters associated with Fe1 and Ga2 reveal two 

types of disorder, statistical and dynamic respectively.  The Fe1 position is populated ~ 40% 

with the Ga2 position being split into 2 positions adjacent to the original Ga2 Wyckoff position.  

The disorder found for Fe1 and Ga2 plus the occupation of octahedral hole with an Fe2 atom, is 

reminiscent of a “stuffing” of the binary ErGa3.  This disorder can be initially observed in the Ho 

derivative, as the ADPs associated with Fe1 and Ga2 are slightly large but one cannot clearly 

observe the Fe2 position from X-ray diffraction data.  The corrected model, which accounted for 

the considerable disorder mentioned above, resulted in well behaved ADPs and Fe1 – Ga2 

distances that scale well with the lanthanide series.  These modifications can be best described as 

an intergrowth of the ErGa3 and Er4FeGa12 structures.  Tm4Fe1-xGa12 single crystals could not be 
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grown, but large single crystal of TmGa3 were synthesized.  From an 

experimentalists/crystallographers view, the decreasing radii of the lanthanides effectively 

“squeezed” the Fe1 and Fe2 positions to the point that Fe could no longer populate the octahedral 

holes, resulting in the isolation of the TmGa3 binary. 

The β polymorph of LnNi1-xGa4 (Ln = Tb - Er) shows similar disorder to Er4Fe0.67Ga12.  

Both statistical and dynamic crystallographic disorder is observed in all analogues.  Though, the 

observed disorder is increased in the β-ErNi1-xGa4 derivative.  Additionally, the population of the 

Ni position is reduced as a function of rare earth, and the Ga atoms dynamic disorder becomes 

more complex in an attempt to correct for decreasing Ni concentrations.  The differences in 

occupancies of the disordered sites not only illustrate the effects of the lanthanide contraction, 

but also mark the end of the series β-LnNi1-xGa4 (Ln = Tb-Er) due to increasing structural 

instability with decreasing lanthanide size.  β-TbNi0.9Ga4 and β-DyNi0.9Ga4 show 

antiferromagnetic transitions at 7 and 3.5 K, where β-HoNi0.9Ga4 is paramagnetic down to 3 K.  

β-ErNi1-xGa4 undergoes an antiferromagnetic transition at 7 K.  This reinforces that something 

structural may be amiss, as one would not predict that β-ErNi1-xGa4 would be antiferromagnetic 

at 7 K in light of the observed trend in magnetism for the β-TbNi0.9Ga4, β-DyNi0.9Ga4, and β-

HoNi0.9Ga4 analogues.  The decreasing size of the lanthanide increasingly renders the population 

of the Ni position more difficult, resulting in the termination of the β polymorphs stability at the 

Er analogue.  

More recently, with an appreciation for serendipity, we have returned to a phase that 

launched our groups initial research into rare earth intermetallics, CePdGa6.  Systematic 

progression to Ni, Cu, and Ag has not yielded, until recently, an isostructural analogue to 

CePdGa6 using Ga as a flux, but has been fruitful, as many interesting materials have been 
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found: Ln2TGa12 (Ln = early f elements and T = Pd, Ni, and Cu), Ln2TGa10 (Ln = early f elements 

and T = Pd and Ag), Ln(Cu,Ga)12 (Ln = latter f elements), α and β LnNiGa4 (Ln = early - mid f 

elements and mid f elements, respectively), Ln(Cu,Ga)13-x (Ln = early f elements)…  Exploration 

of the Ln-Cu-Al phase space was a logical progression for comparative analysis with the phases 

found while exploring the Ln-Cu-Ga system in an attempt to understand the main group elements 

impact on crystal growth, phase stabilization, and physical properties.  During this exploration, 

contamination from silica wool, the filtering medium, was observed and permitted the 

stabilization of LnCu2Al4Si, isostructural to CePdGa6.  After finding reproducible synthetic 

conditions, LnCu2Al4Si (Ln = La and Ce) could be grown.  Through judicious experimentation, 

Si seems critical for the stabilization of the Cu derivative.  As may be indicated by the chemical 

formula, when compared to CePdGa6, LnCu2Al4Si elicits considerable statistical disorder in the 

form of Cu/Al and Al/Si mixing.  The similarities of the elements that comprise the disorder 

render X-ray diffraction incapable of understanding or observing any order other than the 2h and 

4i are randomly populated with Cu/Al and Al/Si respectively.  This does not explain why Si was 

critical to stabilize this phase; it‟s when we return to VEC that we find an answer.  CePdGa6 has 

a VEC of 21 e-/Å
3
 (3 + 0 + 3 x 6) and CeCu2Al4Si has a VEC of 21 (3 + 1 x 2 + 3 x 4 + 4).  

Synthetic attempts to change the amount of Si have all resulted in ~ 1 equivalent of Si being 

present in the structure, indicating a rather narrow width of formation, which is justified by the 

VEC.  Replacing Si with Al in this structure reduces the overall VEC to 20, a value that may lay 

outside the range of stability, supported by the requirement of Si in the reaction melt. 

This work tells a story of crystal growth, an understanding of structure and disorder, and 

a search for highly correlated materials.  It has served as a reminder of a common yet frequently 

forgotten force, the lanthanide contraction, which is often induces or enhances disorder within a 
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system.  Probing disorder can result in understanding something about the formation or 

termination of a structure type and the material‟s respective physical properties.  Yet none of this 

is possible without crystal growth.  The growth of large, high quality single crystals is paramount 

in furthering our understanding and building a working knowledge comparable to synthetic 

organic chemists. 

A full circle, from beginning to end, is often realized upon reflection.  One joins a group 

with an insatiable thirst and desire to learn.  I am leaving this group with the same desire, just 

different questions.  Where those lead me are yet to be written. 

In closing, I hope to leave the readers of this work with a statement I hold true: 

"To know the road ahead, ask those coming back."  

-Chinese Proverb 
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APPENDIX 1. SINGLE CRYSTAL X-RAY DIFFRACTION OF MnGe 

 

A1.1 Introduction 

As a solid state chemistry group, our expertise lies with crystal growth and structural 

characterization.  Considerable time is spent attempting to find, understand, and describe 

possible structure property relationships.  To do this, we spend copious amounts of time thinking 

about local environments, connectivity networks, dimensionality, and disorder (dynamic and 

statistical).  As a group, we are often approached to phase or structurally identify a compound for 

our collaborators.  Often we can assist in building a more thorough understanding of the phase.   

A sample of MnGe, grown from high pressure synthesis, was sent to our lab for phase 

identification.  Upon inspection of the of the sample, single crystals large enough for single 

crystal X-ray diffraction were observed and subsequently cleaved for single crystal X-ray 

diffraction.  The remaining sample was ground for phase identification. 

A1.2 Single Crystal X-ray Diffraction 

Single crystals of MnGe we prepared by collaborators and used as received.  Crystals 

were cut to suitable size (0.05 x 0.05 x 0.05 mm
3
) for data collection and mounted onto a glass 

fiber using epoxy.  They were then positioned onto the goniometer of a Nonius Kappa CCD 

diffractometer equipped with Mo Kα radiation (λ = 0.71073 Å).  Further crystallographic 

parameters for MnGe are provided in Table A1.1.  Direct methods were used to solve the 

structured.   SIR97 was employed to give a starting model and SHELXL97 used to refine the 

structural model and data were corrected with extinction coefficients and refined with anisotropic 

displacement parameters.
1,2

  Based on the lattice parameters and initial refinements, our intial 

structural model was found to isostructural to FeSi.  However, the structural solution was the 

inversion twin of the absolute structure and the MOVE command was utilized to give the correct 
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absolute structure.  Selected interatomic distances are presented in Table A1.2, and atomic 

positions and displacement are provided in Table A1.3. 

Table A1.1 Crystallographic parameters for MnGe 

Formula MnGe 

a (Å) 4.797(4) 

V (Å
3
) 110.41(14) 

Z 4 

Crystal system Cubic 

Space group P213 
θ range (°) 6.01-29.80 

μ (mm
-1

) 37.679 

Data collection  
Measured reflections 107 

Independent reflections 107 

Reflections with I>2σ(I) 102 

Rint 0.039 
h -4 – 4 

k -6 – 6  

l -4 – 4  
Refinement  
a
R1[F

2
>2σ(F

2
)] 0.0219 

b
wR2(F

2
) 0.0435 

Reflections 107 
Parameters 8 

GOOF 0.972 

Extinction 0.016(3) 
Δρmax (eÅ

-3
) 0.721 

Δρmin (eÅ
-3

) -0.734 
a
R1=∑║Fo│-│Fc║/∑│Fo│, 

bwR2 = [∑[w(Fo
2
 - Fc

2
)]/∑[w(Fo

2
)

2
]]

1/2
 

w = 1/[σ
2
(Fo

2
)+(0.0000P)

2
 + 0.0000P] 

 

Table A1.2 Select Interatomic Distances in MnGe 

      MnGe 

Mn – Ge (Å) (x1) 2.440(2) 

 (x3) 2.5128(19) 

 (x3) 2.681(2) 
   

Mn - Mn (Å) (x4) 2.942(2) 

   

 

Table A1.3 Atomic Positions and Displacement Parameters for MnGe 

Atom Wyckoff position x y z Ueq(Å
2
)

a
 

Ge 4a 0.15628(9) 0.15628(9) 0.15628(9) 0.0085(3) 

Mn
 

4a 0.86268(12) 0.86268(12) 0.86268(12) 0.0076(3) 
a
Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor. 
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MnGe crystallizes in the cubic non-centrosymmetric space group P213 with lattice 

parameters of a = 4.797(4).  MnGe is isostructural to FeSi.  MnGe can best be viewed as a series 

of 7 coordinate Mn polyhedra, with 3 unique Mn - Ge distances.  The local environment and 

asymmetric unit are shown in Figure A1.1.  Temperature dependent studies were completed to 

understand if any distortions occurred upon cooling.  These results show that now obvious 

distortion is detected and the structure does not undergo any first order transitions. 

 
Figure A1.1 The unit cell of MnGe is shown with the asymmetric unit highlighted with thick 

grey lines.  Mn-Ge interatomic distances are also given.  Mn atoms are shown as red spheres and 

Ge atoms are shown as light blue spheres.  

A1.3 References 

(1) Altomare, A., Burla, M.C., Camalli, M., Luca, G.L., Gaicovazzo, C., Guagliardi, A., 

Moliterni, A.G.G., Polidori, G., and Spagna, R., SIR97: a new tool for crystal structure 

determination and refinement. J. Appl. Cryst. 1999, 32, 115. 

(2) Sheldrick, G.M., A short history of SHELX. Acta Crystallogr. A 2008, 64, 112-122. 

 

2.6691 Å
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APPENDIX 2. UNPUBLISHED CRYSTALLOGRAPHIC INFORMATION FILES 

A2.1 LaCu2(Al,Si)5 
data_bld74 

  

_audit_creation_method            

SHELXL-97 

_chemical_name_systematic 

; 

 ? 

; 

_chemical_name_common             ? 

_chemical_melting_point           ? 

_chemical_formula_moiety          'Al4 

Cu2 La Si' 

_chemical_formula_sum 

 'Al4 Cu2 La Si' 

_chemical_formula_weight          402.00 

  

loop_ 

 _atom_type_symbol 

 _atom_type_description 

 _atom_type_scat_dispersion_real 

 _atom_type_scat_dispersion_imag 

 _atom_type_scat_source 

 'La'  'La'  -0.2871   2.4523 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

 'Cu'  'Cu'   0.3201   1.2651 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

 'Al'  'Al'   0.0645   0.0514 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

 'Si'  'Si'   0.0817   0.0704 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

  

_symmetry_cell_setting            

'Tetragonal' 

_symmetry_space_group_name_H-M   

'P 4/m m m' 

_symmetry_space_group_name_Hall   '-

P 4 2'   

  

loop_ 

 _symmetry_equiv_pos_as_xyz 

 'x, y, z' 

 '-x, -y, z' 

 'x, -y, -z' 

 '-x, y, -z' 

 '-y, -x, -z' 

 'y, x, -z' 

 'y, -x, z' 

 '-y, x, z' 

 '-x, -y, -z' 

 'x, y, -z' 

 '-x, y, z' 

 'x, -y, z' 

 'y, x, z' 

 '-y, -x, z' 

 '-y, x, -z' 

 'y, -x, -z' 

  

_cell_length_a                    4.221(2) 

_cell_length_b                    4.221(2) 

_cell_length_c                    7.916(3) 

_cell_angle_alpha                 90.000 

_cell_angle_beta                  90.000 

_cell_angle_gamma                 90.000 

_cell_volume                      141.04(11) 

_cell_formula_units_Z             1 

_cell_measurement_temperature     

298(2) 

_cell_measurement_reflns_used     256 

_cell_measurement_theta_min        

2.546 

_cell_measurement_theta_max        

31.507 

  

_exptl_crystal_description        'plate' 

_exptl_crystal_colour             'silver' 

_exptl_crystal_size_max           0.05 

_exptl_crystal_size_mid           0.05 

_exptl_crystal_size_min           0.05 

_exptl_crystal_density_meas       ? 

_exptl_crystal_density_diffrn     4.733 

_exptl_crystal_density_method     'not 

measured' 

_exptl_crystal_F_000              181 

_exptl_absorpt_coefficient_mu     15.589 

_exptl_absorpt_correction_type    'multi-

scan' 

_exptl_absorpt_correction_T_min   

0.5095 

_exptl_absorpt_correction_T_max   

0.5095 

_exptl_absorpt_process_details    'denzo 

scale pack' 

  

_exptl_special_details 

; 

 ? 

; 

  

_diffrn_ambient_temperature       298(2) 

_diffrn_radiation_wavelength      

0.71073 

_diffrn_radiation_type            MoK\a 

_diffrn_radiation_source          'fine-

focus sealed tube' 

_diffrn_radiation_monochromator   

graphite 

_diffrn_measurement_device_type   

'KappaCCD' 

_diffrn_measurement_method        

'CCD' 

_diffrn_detector_area_resol_mean  9 

_diffrn_standards_number          ? 

_diffrn_standards_interval_count  ? 

_diffrn_standards_interval_time   ? 

_diffrn_standards_decay_%         ? 

_diffrn_reflns_number             475 

_diffrn_reflns_av_R_equivalents   

0.0159 

_diffrn_reflns_av_sigmaI/netI     0.0157 

_diffrn_reflns_limit_h_min        -6 

_diffrn_reflns_limit_h_max        6 

_diffrn_reflns_limit_k_min        -4 

_diffrn_reflns_limit_k_max        4 

_diffrn_reflns_limit_l_min        -11 

_diffrn_reflns_limit_l_max        11 

_diffrn_reflns_theta_min          4.83 

_diffrn_reflns_theta_max          31.46 

_reflns_number_total              178 

_reflns_number_gt                 178 

_reflns_threshold_expression      >2\s(I) 

  

_computing_data_collection        

'KappaCCD'  

_computing_cell_refinement        'HKL 

Scalepack (Otwinowski & Minor 1997)'   

_computing_data_reduction         'Denzo 

and Scalepak (Otwinowski & Minor, 

1997)'   

_computing_structure_solution     

'SHELXS-97 (Sheldrick, 1990)'  

_computing_structure_refinement   

'SHELXL-97 (Sheldrick, 2008)' 

_computing_molecular_graphics     ? 

_computing_publication_material   ? 

  

_refine_special_details 

; 

 Refinement of F^2^ against ALL 

reflections.  The weighted R-factor wR 

and 

 goodness of fit S are based on F^2^, 

conventional R-factors R are based 

 on F, with F set to zero for negative 

F^2^. The threshold expression of 

 F^2^ > 2\s(F^2^) is used only for 

calculating R-factors(gt) etc. and is 

 not relevant to the choice of reflections 

for refinement.  R-factors based 

 on F^2^ are statistically about twice as 

large as those based on F, and R- 

 factors based on ALL data will be even 

larger. 

; 

  

_refine_ls_structure_factor_coef  Fsqd 

_refine_ls_matrix_type            full 

_refine_ls_weighting_scheme       calc 

_refine_ls_weighting_details 

 'calc 

w=1/[\s^2^(Fo^2^)+(0.0344P)^2^+0.130

7P] where P=(Fo^2^+2Fc^2^)/3' 

_atom_sites_solution_primary      direct 

_atom_sites_solution_secondary    

difmap 

_atom_sites_solution_hydrogens    ? 

_refine_ls_hydrogen_treatment     ? 

_refine_ls_extinction_method      

SHELXL 

_refine_ls_extinction_coef        

0.254(19) 

_refine_ls_extinction_expression 

 

'Fc^*^=kFc[1+0.001xFc^2^\l^3^/sin(2\q

)]^-1/4^' 

_refine_ls_number_reflns          178 

_refine_ls_number_parameters      13 

_refine_ls_number_restraints      0 

_refine_ls_R_factor_all           0.0232 
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_refine_ls_R_factor_gt            0.0232 

_refine_ls_wR_factor_ref          0.0619 

_refine_ls_wR_factor_gt           0.0619 

_refine_ls_goodness_of_fit_ref    1.456 

_refine_ls_restrained_S_all       1.456 

_refine_ls_shift/su_max           0.000 

_refine_ls_shift/su_mean          0.000 

  

loop_ 

 _atom_site_label 

 _atom_site_type_symbol 

 _atom_site_fract_x 

 _atom_site_fract_y 

 _atom_site_fract_z 

 _atom_site_U_iso_or_equiv 

 _atom_site_adp_type 

 _atom_site_occupancy 

 _atom_site_symmetry_multiplicity 

 _atom_site_calc_flag 

 _atom_site_refinement_flags 

 _atom_site_disorder_assembly 

 _atom_site_disorder_group 

La1 La 0.0000 0.0000 0.0000 0.0050(3) 

Uani 1 16 d S . . 

Cu2 Cu 0.0000 0.0000 0.5000 0.0068(3) 

Uani 1 16 d S . . 

Al3 Al 0.5000 0.5000 0.14862(14) 

0.0056(3) Uani 0.50 8 d SP . . 

Cu3 Cu 0.5000 0.5000 0.14862(14) 

0.0056(3) Uani 0.50 8 d SP . . 

Al4 Al 0.0000 0.5000 0.32749(17) 

0.0086(4) Uani 0.75 4 d SP . . 

Si4 Si 0.0000 0.5000 0.32749(17) 

0.0086(4) Uani 0.25 4 d SP . . 

  

loop_ 

 _atom_site_aniso_label 

 _atom_site_aniso_U_11 

 _atom_site_aniso_U_22 

 _atom_site_aniso_U_33 

 _atom_site_aniso_U_23 

 _atom_site_aniso_U_13 

 _atom_site_aniso_U_12 

La1 0.0044(3) 0.0044(3) 0.0061(4) 

0.000 0.000 0.000 

Cu2 0.0064(4) 0.0064(4) 0.0074(5) 

0.000 0.000 0.000 

Al3 0.0061(4) 0.0061(4) 0.0047(5) 0.000 

0.000 0.000 

Cu3 0.0061(4) 0.0061(4) 0.0047(5) 

0.000 0.000 0.000 

Al4 0.0111(7) 0.0076(7) 0.0071(5) 0.000 

0.000 0.000 

Si4 0.0111(7) 0.0076(7) 0.0071(5) 0.000 

0.000 0.000 

  

_geom_special_details 

; 

 All s.u.'s (except the s.u. in the dihedral 

angle between two l.s. planes) 

 are estimated using the full covariance 

matrix.  The cell s.u.'s are taken 

 into account individually in the 

estimation of s.u.'s in distances, angles 

 and torsion angles; correlations between 

s.u.'s in cell parameters are only 

 used when they are defined by crystal 

symmetry.  An approximate (isotropic) 

 treatment of cell s.u.'s is used for 

estimating s.u.'s involving l.s. planes. 

; 

  

loop_ 

 _geom_bond_atom_site_label_1 

 _geom_bond_atom_site_label_2 

 _geom_bond_distance 

 _geom_bond_site_symmetry_2 

 _geom_bond_publ_flag 

La1 Cu3 3.2082(14) 9 ? 

La1 Al3 3.2082(14) . ? 

La1 Al3 3.2082(14) 9 ? 

La1 Cu3 3.2082(14) 9_665 ? 

La1 Cu3 3.2082(14) 1_445 ? 

La1 Al3 3.2082(14) 9_665 ? 

La1 Al3 3.2082(14) 1_445 ? 

La1 Cu3 3.2082(14) 9_565 ? 

La1 Cu3 3.2082(14) 9_655 ? 

La1 Al3 3.2082(14) 1_545 ? 

La1 Al3 3.2082(14) 1_455 ? 

Cu2 Si4 2.5137(12) 13_455 ? 

Cu2 Si4 2.5137(12) 5_656 ? 

Cu2 Si4 2.5137(12) 9_566 ? 

Cu2 Al4 2.5137(12) 1_545 ? 

Cu2 Si4 2.5137(12) 1_545 ? 

Cu2 Al4 2.5137(12) 9_566 ? 

Cu2 Al4 2.5137(12) 13_455 ? 

Cu2 Al4 2.5137(12) 5_656 ? 

Cu2 Si4 2.5137(12) 13 ? 

Cu2 Al4 2.5137(12) 13 ? 

Cu2 Al4 2.5137(12) 5_556 ? 

Cu2 Si4 2.5137(12) 9_556 ? 

Al3 Cu3 2.353(2) 9_665 ? 

Al3 Al3 2.353(2) 9_665 ? 

Al3 Si4 2.5415(14) 13_565 ? 

Al3 Si4 2.5415(14) 1_655 ? 

Al3 Al4 2.5415(14) 13_565 ? 

Al3 Al4 2.5415(14) 1_655 ? 

Al3 Al4 2.5415(14) . ? 

Al3 Si4 2.5415(14) 13 ? 

Al3 Al4 2.5415(14) 13 ? 

Al3 La1 3.2082(14) 1_665 ? 

Al4 Cu2 2.5137(12) 1_565 ? 

Al4 Cu3 2.5415(14) 1_455 ? 

Al4 Al3 2.5415(14) 1_455 ? 

Al4 Si4 2.731(3) 9_566 ? 

Al4 Al4 2.731(3) 9_566 ? 

Al4 Al4 2.9847(14) 13_565 ? 

Al4 Al4 2.9847(14) 13_455 ? 

Al4 Al4 2.9847(14) 13_465 ? 

Al4 Al4 2.9847(14) 13 ? 

  

loop_ 

 _geom_angle_atom_site_label_1 

 _geom_angle_atom_site_label_2 

 _geom_angle_atom_site_label_3 

 _geom_angle 

 _geom_angle_site_symmetry_1 

 _geom_angle_site_symmetry_3 

 _geom_angle_publ_flag 

Cu3 La1 Al3 180.00(4) 9 . ? 

Cu3 La1 Al3 0.00(4) 9 9 ? 

Al3 La1 Al3 180.00(4) . 9 ? 

Cu3 La1 Cu3 136.97(4) 9 9_665 ? 

Al3 La1 Cu3 43.03(4) . 9_665 ? 

Al3 La1 Cu3 136.97(4) 9 9_665 ? 

Cu3 La1 Cu3 43.03(4) 9 1_445 ? 

Al3 La1 Cu3 136.97(4) . 1_445 ? 

Al3 La1 Cu3 43.03(4) 9 1_445 ? 

Cu3 La1 Cu3 180.00(4) 9_665 1_445 ? 

Cu3 La1 Al3 136.97(4) 9 9_665 ? 

Al3 La1 Al3 43.03(4) . 9_665 ? 

Al3 La1 Al3 136.97(4) 9 9_665 ? 

Cu3 La1 Al3 0.00(4) 9_665 9_665 ? 

Cu3 La1 Al3 180.00(4) 1_445 9_665 ? 

Cu3 La1 Al3 43.03(4) 9 1_445 ? 

Al3 La1 Al3 136.97(4) . 1_445 ? 

Al3 La1 Al3 43.03(4) 9 1_445 ? 

Cu3 La1 Al3 180.00(4) 9_665 1_445 ? 

Cu3 La1 Al3 0.00(4) 1_445 1_445 ? 

Al3 La1 Al3 180.00(4) 9_665 1_445 ? 

Cu3 La1 Cu3 82.271(15) 9 9_565 ? 

Al3 La1 Cu3 97.729(15) . 9_565 ? 

Al3 La1 Cu3 82.271(15) 9 9_565 ? 

Cu3 La1 Cu3 82.271(15) 9_665 9_565 ? 

Cu3 La1 Cu3 97.729(15) 1_445 9_565 ? 

Al3 La1 Cu3 82.271(15) 9_665 9_565 ? 

Al3 La1 Cu3 97.729(15) 1_445 9_565 ? 

Cu3 La1 Cu3 82.271(15) 9 9_655 ? 

Al3 La1 Cu3 97.729(15) . 9_655 ? 

Al3 La1 Cu3 82.271(15) 9 9_655 ? 

Cu3 La1 Cu3 82.271(15) 9_665 9_655 ? 

Cu3 La1 Cu3 97.729(15) 1_445 9_655 ? 

Al3 La1 Cu3 82.271(15) 9_665 9_655 ? 

Al3 La1 Cu3 97.729(15) 1_445 9_655 ? 

Cu3 La1 Cu3 136.97(4) 9_565 9_655 ? 

Cu3 La1 Al3 97.729(15) 9 1_545 ? 

Al3 La1 Al3 82.271(15) . 1_545 ? 

Al3 La1 Al3 97.729(15) 9 1_545 ? 

Cu3 La1 Al3 97.729(15) 9_665 1_545 ? 

Cu3 La1 Al3 82.271(15) 1_445 1_545 ? 

Al3 La1 Al3 97.729(15) 9_665 1_545 ? 

Al3 La1 Al3 82.271(15) 1_445 1_545 ? 

Cu3 La1 Al3 180.00(4) 9_565 1_545 ? 

Cu3 La1 Al3 43.03(4) 9_655 1_545 ? 

Cu3 La1 Al3 97.729(15) 9 1_455 ? 

Al3 La1 Al3 82.271(15) . 1_455 ? 

Al3 La1 Al3 97.729(15) 9 1_455 ? 

Cu3 La1 Al3 97.729(15) 9_665 1_455 ? 

Cu3 La1 Al3 82.271(15) 1_445 1_455 ? 

Al3 La1 Al3 97.729(15) 9_665 1_455 ? 

Al3 La1 Al3 82.271(15) 1_445 1_455 ? 

Cu3 La1 Al3 43.03(4) 9_565 1_455 ? 

Cu3 La1 Al3 180.00(4) 9_655 1_455 ? 

Al3 La1 Al3 136.97(4) 1_545 1_455 ? 

Si4 Cu2 Si4 180.0 13_455 5_656 ? 

Si4 Cu2 Si4 107.16(3) 13_455 9_566 ? 

Si4 Cu2 Si4 72.84(3) 5_656 9_566 ? 

Si4 Cu2 Al4 72.84(3) 13_455 1_545 ? 

Si4 Cu2 Al4 107.16(3) 5_656 1_545 ? 

Si4 Cu2 Al4 180.0 9_566 1_545 ? 

Si4 Cu2 Si4 72.84(3) 13_455 1_545 ? 

Si4 Cu2 Si4 107.16(3) 5_656 1_545 ? 

Si4 Cu2 Si4 180.0 9_566 1_545 ? 

Al4 Cu2 Si4 0.0 1_545 1_545 ? 

Si4 Cu2 Al4 107.16(3) 13_455 9_566 ? 

Si4 Cu2 Al4 72.84(3) 5_656 9_566 ? 

Si4 Cu2 Al4 0.00(5) 9_566 9_566 ? 

Al4 Cu2 Al4 180.0 1_545 9_566 ? 

Si4 Cu2 Al4 180.0 1_545 9_566 ? 

Si4 Cu2 Al4 0.0 13_455 13_455 ? 

Si4 Cu2 Al4 180.0 5_656 13_455 ? 

Si4 Cu2 Al4 107.16(3) 9_566 13_455 ? 

Al4 Cu2 Al4 72.84(3) 1_545 13_455 ? 

Si4 Cu2 Al4 72.84(3) 1_545 13_455 ? 

Al4 Cu2 Al4 107.16(3) 9_566 13_455 ? 

Si4 Cu2 Al4 180.0 13_455 5_656 ? 

Si4 Cu2 Al4 0.00(5) 5_656 5_656 ? 

Si4 Cu2 Al4 72.84(3) 9_566 5_656 ? 

Al4 Cu2 Al4 107.16(3) 1_545 5_656 ? 

Si4 Cu2 Al4 107.16(3) 1_545 5_656 ? 
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Al4 Cu2 Al4 72.84(3) 9_566 5_656 ? 

Al4 Cu2 Al4 180.0 13_455 5_656 ? 

Si4 Cu2 Si4 114.19(6) 13_455 13 ? 

Si4 Cu2 Si4 65.81(6) 5_656 13 ? 

Si4 Cu2 Si4 107.16(3) 9_566 13 ? 

Al4 Cu2 Si4 72.84(3) 1_545 13 ? 

Si4 Cu2 Si4 72.84(3) 1_545 13 ? 

Al4 Cu2 Si4 107.16(3) 9_566 13 ? 

Al4 Cu2 Si4 114.19(6) 13_455 13 ? 

Al4 Cu2 Si4 65.81(6) 5_656 13 ? 

Si4 Cu2 Al4 114.19(6) 13_455 13 ? 

Si4 Cu2 Al4 65.81(6) 5_656 13 ? 

Si4 Cu2 Al4 107.16(3) 9_566 13 ? 

Al4 Cu2 Al4 72.84(3) 1_545 13 ? 

Si4 Cu2 Al4 72.84(3) 1_545 13 ? 

Al4 Cu2 Al4 107.16(3) 9_566 13 ? 

Al4 Cu2 Al4 114.19(6) 13_455 13 ? 

Al4 Cu2 Al4 65.81(6) 5_656 13 ? 

Si4 Cu2 Al4 0.00(5) 13 13 ? 

Si4 Cu2 Al4 65.81(6) 13_455 5_556 ? 

Si4 Cu2 Al4 114.19(6) 5_656 5_556 ? 

Si4 Cu2 Al4 72.84(3) 9_566 5_556 ? 

Al4 Cu2 Al4 107.16(3) 1_545 5_556 ? 

Si4 Cu2 Al4 107.16(3) 1_545 5_556 ? 

Al4 Cu2 Al4 72.84(3) 9_566 5_556 ? 

Al4 Cu2 Al4 65.81(6) 13_455 5_556 ? 

Al4 Cu2 Al4 114.19(6) 5_656 5_556 ? 

Si4 Cu2 Al4 180.0 13 5_556 ? 

Al4 Cu2 Al4 180.0 13 5_556 ? 

Si4 Cu2 Si4 107.16(3) 13_455 9_556 ? 

Si4 Cu2 Si4 72.84(3) 5_656 9_556 ? 

Si4 Cu2 Si4 114.19(6) 9_566 9_556 ? 

Al4 Cu2 Si4 65.81(6) 1_545 9_556 ? 

Si4 Cu2 Si4 65.81(6) 1_545 9_556 ? 

Al4 Cu2 Si4 114.19(6) 9_566 9_556 ? 

Al4 Cu2 Si4 107.16(3) 13_455 9_556 ? 

Al4 Cu2 Si4 72.84(3) 5_656 9_556 ? 

Si4 Cu2 Si4 107.16(3) 13 9_556 ? 

Al4 Cu2 Si4 107.16(3) 13 9_556 ? 

Al4 Cu2 Si4 72.84(3) 5_556 9_556 ? 

Cu3 Al3 Al3 0.0 9_665 9_665 ? 

Cu3 Al3 Si4 123.86(4) 9_665 13_565 ? 

Al3 Al3 Si4 123.86(4) 9_665 13_565 ? 

Cu3 Al3 Si4 123.86(4) 9_665 1_655 ? 

Al3 Al3 Si4 123.86(4) 9_665 1_655 ? 

Si4 Al3 Si4 71.92(4) 13_565 1_655 ? 

Cu3 Al3 Al4 123.86(4) 9_665 13_565 ? 

Al3 Al3 Al4 123.86(4) 9_665 13_565 ? 

Si4 Al3 Al4 0.00(5) 13_565 13_565 ? 

Si4 Al3 Al4 71.92(4) 1_655 13_565 ? 

Cu3 Al3 Al4 123.86(4) 9_665 1_655 ? 

Al3 Al3 Al4 123.86(4) 9_665 1_655 ? 

Si4 Al3 Al4 71.92(4) 13_565 1_655 ? 

Si4 Al3 Al4 0.00(5) 1_655 1_655 ? 

Al4 Al3 Al4 71.92(4) 13_565 1_655 ? 

Cu3 Al3 Al4 123.86(4) 9_665 . ? 

Al3 Al3 Al4 123.86(4) 9_665 . ? 

Si4 Al3 Al4 71.92(4) 13_565 . ? 

Si4 Al3 Al4 112.28(8) 1_655 . ? 

Al4 Al3 Al4 71.92(4) 13_565 . ? 

Al4 Al3 Al4 112.28(8) 1_655 . ? 

Cu3 Al3 Si4 123.86(4) 9_665 13 ? 

Al3 Al3 Si4 123.86(4) 9_665 13 ? 

Si4 Al3 Si4 112.28(8) 13_565 13 ? 

Si4 Al3 Si4 71.92(4) 1_655 13 ? 

Al4 Al3 Si4 112.28(8) 13_565 13 ? 

Al4 Al3 Si4 71.92(4) 1_655 13 ? 

Al4 Al3 Si4 71.92(4) . 13 ? 

Cu3 Al3 Al4 123.86(4) 9_665 13 ? 

Al3 Al3 Al4 123.86(4) 9_665 13 ? 

Si4 Al3 Al4 112.28(8) 13_565 13 ? 

Si4 Al3 Al4 71.92(4) 1_655 13 ? 

Al4 Al3 Al4 112.28(8) 13_565 13 ? 

Al4 Al3 Al4 71.92(4) 1_655 13 ? 

Al4 Al3 Al4 71.92(4) . 13 ? 

Si4 Al3 Al4 0.0 13 13 ? 

Cu3 Al3 La1 68.49(2) 9_665 . ? 

Al3 Al3 La1 68.49(2) 9_665 . ? 

Si4 Al3 La1 138.642(12) 13_565 . ? 

Si4 Al3 La1 138.642(12) 1_655 . ? 

Al4 Al3 La1 138.642(12) 13_565 . ? 

Al4 Al3 La1 138.642(12) 1_655 . ? 

Al4 Al3 La1 70.00(3) . . ? 

Si4 Al3 La1 70.00(3) 13 . ? 

Al4 Al3 La1 70.00(3) 13 . ? 

Cu3 Al3 La1 68.49(2) 9_665 1_665 ? 

Al3 Al3 La1 68.49(2) 9_665 1_665 ? 

Si4 Al3 La1 70.00(3) 13_565 1_665 ? 

Si4 Al3 La1 70.00(3) 1_655 1_665 ? 

Al4 Al3 La1 70.00(3) 13_565 1_665 ? 

Al4 Al3 La1 70.00(3) 1_655 1_665 ? 

Al4 Al3 La1 138.642(12) . 1_665 ? 

Si4 Al3 La1 138.642(12) 13 1_665 ? 

Al4 Al3 La1 138.642(12) 13 1_665 ? 

La1 Al3 La1 136.97(4) . 1_665 ? 

Cu2 Al4 Cu2 114.19(6) 1_565 . ? 

Cu2 Al4 Cu3 107.617(18) 1_565 1_455 

? 

Cu2 Al4 Cu3 107.617(18) . 1_455 ? 

Cu2 Al4 Al3 107.617(18) 1_565 1_455 

? 

Cu2 Al4 Al3 107.617(18) . 1_455 ? 

Cu3 Al4 Al3 0.0 1_455 1_455 ? 

Cu2 Al4 Al3 107.617(18) 1_565 . ? 

Cu2 Al4 Al3 107.617(18) . . ? 

Cu3 Al4 Al3 112.28(8) 1_455 . ? 

Al3 Al4 Al3 112.28(8) 1_455 . ? 

Cu2 Al4 Si4 57.10(3) 1_565 9_566 ? 

Cu2 Al4 Si4 57.10(3) . 9_566 ? 

Cu3 Al4 Si4 123.86(4) 1_455 9_566 ? 

Al3 Al4 Si4 123.86(4) 1_455 9_566 ? 

Al3 Al4 Si4 123.86(4) . 9_566 ? 

Cu2 Al4 Al4 57.10(3) 1_565 9_566 ? 

Cu2 Al4 Al4 57.10(3) . 9_566 ? 

Cu3 Al4 Al4 123.86(4) 1_455 9_566 ? 

Al3 Al4 Al4 123.86(4) 1_455 9_566 ? 

Al3 Al4 Al4 123.86(4) . 9_566 ? 

Si4 Al4 Al4 0.0 9_566 9_566 ? 

Cu2 Al4 Al4 53.582(15) 1_565 13_565 

? 

Cu2 Al4 Al4 126.418(15) . 13_565 ? 

Cu3 Al4 Al4 125.958(19) 1_455 13_565 

? 

Al3 Al4 Al4 125.958(19) 1_455 13_565 

? 

Al3 Al4 Al4 54.042(19) . 13_565 ? 

Si4 Al4 Al4 90.0 9_566 13_565 ? 

Al4 Al4 Al4 90.0 9_566 13_565 ? 

Cu2 Al4 Al4 126.418(15) 1_565 13_455 

? 

Cu2 Al4 Al4 53.582(15) . 13_455 ? 

Cu3 Al4 Al4 54.042(19) 1_455 13_455 

? 

Al3 Al4 Al4 54.042(19) 1_455 13_455 ? 

Al3 Al4 Al4 125.958(19) . 13_455 ? 

Si4 Al4 Al4 90.0 9_566 13_455 ? 

Al4 Al4 Al4 90.0 9_566 13_455 ? 

Al4 Al4 Al4 180.0 13_565 13_455 ? 

Cu2 Al4 Al4 53.582(15) 1_565 13_465 

? 

Cu2 Al4 Al4 126.418(15) . 13_465 ? 

Cu3 Al4 Al4 54.042(19) 1_455 13_465 

? 

Al3 Al4 Al4 54.042(19) 1_455 13_465 ? 

Al3 Al4 Al4 125.958(19) . 13_465 ? 

Si4 Al4 Al4 90.0 9_566 13_465 ? 

Al4 Al4 Al4 90.0 9_566 13_465 ? 

Al4 Al4 Al4 90.0 13_565 13_465 ? 

Al4 Al4 Al4 90.0 13_455 13_465 ? 

Cu2 Al4 Al4 126.418(15) 1_565 13 ? 

Cu2 Al4 Al4 53.582(15) . 13 ? 

Cu3 Al4 Al4 125.958(19) 1_455 13 ? 

Al3 Al4 Al4 125.958(19) 1_455 13 ? 

Al3 Al4 Al4 54.042(19) . 13 ? 

Si4 Al4 Al4 90.0 9_566 13 ? 

Al4 Al4 Al4 90.0 9_566 13 ? 

Al4 Al4 Al4 90.0 13_565 13 ? 

Al4 Al4 Al4 90.0 13_455 13 ? 

Al4 Al4 Al4 180.0 13_465 13 ? 

  

_diffrn_measured_fraction_theta_max    

0.994 

_diffrn_reflns_theta_full              31.46 

_diffrn_measured_fraction_theta_full   

0.994 

_refine_diff_density_max    1.156 

_refine_diff_density_min   -2.607 

_refine_diff_density_rms    0.539 
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A2.2 CeCu2(Al,Si)5 
data_bld73 

_audit_creation_method            

SHELXL-97 

_chemical_name_systematic 

; 

 ? 

; 

_chemical_name_common             ? 

_chemical_melting_point           ? 

_chemical_formula_moiety          'Al4 

Ce Cu2 Si' 

_chemical_formula_sum 

 'Al4 Ce Cu2 Si' 

_chemical_formula_weight          403.21 

  

loop_ 

 _atom_type_symbol 

 _atom_type_description 

 _atom_type_scat_dispersion_real 

 _atom_type_scat_dispersion_imag 

 _atom_type_scat_source 

 'Ce'  'Ce'  -0.2486   2.6331 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

 'Cu'  'Cu'   0.3201   1.2651 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

 'Al'  'Al'   0.0645   0.0514 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

 'Si'  'Si'   0.0817   0.0704 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

  

_symmetry_cell_setting            

'tetragonal'  

_symmetry_space_group_name_H-M    

'P 4/m m m     ' 

_symmetry_space_group_name_Hall

 '-P 4 2 '  

  

loop_ 

 _symmetry_equiv_pos_as_xyz 

 'x, y, z' 

 '-x, -y, z' 

 'x, -y, -z' 

 '-x, y, -z' 

 '-y, -x, -z' 

 'y, x, -z' 

 'y, -x, z' 

 '-y, x, z' 

 '-x, -y, -z' 

 'x, y, -z' 

 '-x, y, z' 

 'x, -y, z' 

 'y, x, z' 

 '-y, -x, z' 

 '-y, x, -z' 

 'y, -x, -z' 

  

_cell_length_a                    4.2040(15) 

_cell_length_b                    4.2040(15) 

_cell_length_c                    7.925(4) 

_cell_angle_alpha                 90.00 

_cell_angle_beta                  90.00 

_cell_angle_gamma                 90.00 

_cell_volume                      140.06(10) 

_cell_formula_units_Z             1 

_cell_measurement_temperature     

298(2) 

_cell_measurement_reflns_used     294 

_cell_measurement_theta_min       2.55 

_cell_measurement_theta_max       34.97 

  

_exptl_crystal_description        'plate' 

_exptl_crystal_colour             'silver' 

_exptl_crystal_size_max           0.05 

_exptl_crystal_size_mid           0.05 

_exptl_crystal_size_min           0.05 

_exptl_crystal_density_meas       ? 

_exptl_crystal_density_diffrn     4.780 

_exptl_crystal_density_method     'not 

measured' 

_exptl_crystal_F_000              182 

_exptl_absorpt_coefficient_mu     16.197 

_exptl_absorpt_correction_type    'multi-

scan' 

_exptl_absorpt_correction_T_min   

0.4981 

_exptl_absorpt_correction_T_max   

0.4981 

_exptl_absorpt_process_details    'denzo 

scale pack' 

 

  

_exptl_special_details 

; 

 ? 

; 

  

_diffrn_ambient_temperature       298(2) 

_diffrn_radiation_wavelength      

0.71073 

_diffrn_radiation_type            MoK\a 

_diffrn_radiation_source          'fine-

focus sealed tube' 

_diffrn_radiation_monochromator   

graphite 

_diffrn_measurement_device_type   

'KappaCCD' 

_diffrn_measurement_method        

'CCD' 

_diffrn_detector_area_resol_mean  9 

_diffrn_standards_number          ? 

_diffrn_standards_interval_count  ? 

_diffrn_standards_interval_time   ? 

_diffrn_standards_decay_%         ? 

_diffrn_reflns_number             303 

_diffrn_reflns_av_R_equivalents   

0.0136 

_diffrn_reflns_av_sigmaI/netI     0.0141 

_diffrn_reflns_limit_h_min        0 

_diffrn_reflns_limit_h_max        6 

_diffrn_reflns_limit_k_min        -4 

_diffrn_reflns_limit_k_max        4 

_diffrn_reflns_limit_l_min        0 

_diffrn_reflns_limit_l_max        12 

_diffrn_reflns_theta_min          4.85 

_diffrn_reflns_theta_max          34.16 

_reflns_number_total              211 

_reflns_number_gt                 205 

_reflns_threshold_expression      >2\s(I) 

  

_computing_data_collection        

'KappaCCD' 

_computing_cell_refinement        'HKL 

Scalepack (Otwinowski & Minor 1997)'  

_computing_data_reduction         'Denzo 

and Scalepak (Otwinowski & Minor, 

1997)'  

_computing_structure_solution     

'SHELXS-97 (Sheldrick, 1990)'  

_computing_structure_refinement   

'SHELXL-97 (Sheldrick, 2008)' 

_computing_molecular_graphics     ? 

_computing_publication_material   ? 

  

_refine_special_details 

; 

 Refinement of F^2^ against ALL 

reflections.  The weighted R-factor wR 

and 

 goodness of fit S are based on F^2^, 

conventional R-factors R are based 

 on F, with F set to zero for negative 

F^2^. The threshold expression of 

 F^2^ > 2\s(F^2^) is used only for 

calculating R-factors(gt) etc. and is 

 not relevant to the choice of reflections 

for refinement.  R-factors based 

 on F^2^ are statistically about twice as 

large as those based on F, and R- 

 factors based on ALL data will be even 

larger. 

; 

  

_refine_ls_structure_factor_coef  Fsqd 

_refine_ls_matrix_type            full 

_refine_ls_weighting_scheme       calc 

_refine_ls_weighting_details 

 'calc 

w=1/[\s^2^(Fo^2^)+(0.0181P)^2^+0.208

0P] where P=(Fo^2^+2Fc^2^)/3' 

_atom_sites_solution_primary      direct 

_atom_sites_solution_secondary    

difmap 

_atom_sites_solution_hydrogens    ? 

_refine_ls_hydrogen_treatment     ? 

_refine_ls_extinction_method      

SHELXL 

_refine_ls_extinction_coef        0.085(5) 

_refine_ls_extinction_expression 

 

'Fc^*^=kFc[1+0.001xFc^2^\l^3^/sin(2\q

)]^-1/4^' 

_refine_ls_number_reflns          211 

_refine_ls_number_parameters      13 

_refine_ls_number_restraints      0 

_refine_ls_R_factor_all           0.0164 

_refine_ls_R_factor_gt            0.0153 

_refine_ls_wR_factor_ref          0.0387 

_refine_ls_wR_factor_gt           0.0378 

_refine_ls_goodness_of_fit_ref    1.266 

_refine_ls_restrained_S_all       1.266 

_refine_ls_shift/su_max           0.000 

_refine_ls_shift/su_mean          0.000 

  

loop_ 

 _atom_site_label 

 _atom_site_type_symbol 

 _atom_site_fract_x 

 _atom_site_fract_y 
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 _atom_site_fract_z 

 _atom_site_U_iso_or_equiv 

 _atom_site_adp_type 

 _atom_site_occupancy 

 _atom_site_symmetry_multiplicity 

 _atom_site_calc_flag 

 _atom_site_refinement_flags 

 _atom_site_disorder_assembly 

 _atom_site_disorder_group 

Ce1 Ce 0.0000 0.0000 0.0000 

0.00526(14) Uani 1 16 d S . . 

Cu2 Cu 0.0000 0.0000 0.5000 

0.00639(18) Uani 1 16 d S . . 

Al3 Al 0.5000 0.5000 0.14747(10) 

0.00616(18) Uani 0.50 8 d SP . . 

Cu3 Cu 0.5000 0.5000 0.14747(10) 

0.00616(18) Uani 0.50 8 d SP . . 

Al4 Al 0.0000 0.5000 0.32658(12) 

0.0088(2) Uani 0.75 4 d SP . . 

Si4 Si 0.0000 0.5000 0.32658(12) 

0.0088(2) Uani 0.25 4 d SP . . 

  

loop_ 

 _atom_site_aniso_label 

 _atom_site_aniso_U_11 

 _atom_site_aniso_U_22 

 _atom_site_aniso_U_33 

 _atom_site_aniso_U_23 

 _atom_site_aniso_U_13 

 _atom_site_aniso_U_12 

Ce1 0.00445(15) 0.00445(15) 

0.00689(19) 0.000 0.000 0.000 

Cu2 0.0058(2) 0.0058(2) 0.0076(3) 

0.000 0.000 0.000 

Al3 0.0062(2) 0.0062(2) 0.0061(3) 0.000 

0.000 0.000 

Cu3 0.0062(2) 0.0062(2) 0.0061(3) 

0.000 0.000 0.000 

Al4 0.0111(4) 0.0074(4) 0.0080(4) 0.000 

0.000 0.000 

Si4 0.0111(4) 0.0074(4) 0.0080(4) 0.000 

0.000 0.000 

  

_geom_special_details 

; 

 All s.u.'s (except the s.u. in the dihedral 

angle between two l.s. planes) 

 are estimated using the full covariance 

matrix.  The cell s.u.'s are taken 

 into account individually in the 

estimation of s.u.'s in distances, angles 

 and torsion angles; correlations between 

s.u.'s in cell parameters are only 

 used when they are defined by crystal 

symmetry.  An approximate (isotropic) 

 treatment of cell s.u.'s is used for 

estimating s.u.'s involving l.s. planes. 

; 

  

loop_ 

 _geom_bond_atom_site_label_1 

 _geom_bond_atom_site_label_2 

 _geom_bond_distance 

 _geom_bond_site_symmetry_2 

 _geom_bond_publ_flag 

Ce1 Cu3 3.1942(11) 9 ? 

Ce1 Al3 3.1942(11) . ? 

Ce1 Al3 3.1942(11) 9 ? 

Ce1 Cu3 3.1942(11) 9_665 ? 

Ce1 Al3 3.1942(11) 1_445 ? 

Ce1 Cu3 3.1942(11) 1_445 ? 

Ce1 Al3 3.1942(11) 9_665 ? 

Ce1 Al3 3.1942(11) 1_545 ? 

Ce1 Al3 3.1942(11) 9_655 ? 

Ce1 Al3 3.1942(11) 9_565 ? 

Ce1 Cu3 3.1942(11) 9_565 ? 

Cu2 Si4 2.5114(9) 13_455 ? 

Cu2 Si4 2.5114(9) 5_656 ? 

Cu2 Si4 2.5114(9) 9_566 ? 

Cu2 Al4 2.5114(9) 1_545 ? 

Cu2 Si4 2.5114(9) 1_545 ? 

Cu2 Al4 2.5114(9) 9_566 ? 

Cu2 Al4 2.5114(9) 13_455 ? 

Cu2 Al4 2.5114(9) 5_656 ? 

Cu2 Si4 2.5114(9) 13 ? 

Cu2 Al4 2.5114(9) 13 ? 

Cu2 Al4 2.5114(9) 5_556 ? 

Cu2 Si4 2.5114(9) 9_556 ? 

Al3 Cu3 2.337(2) 9_665 ? 

Al3 Al3 2.337(2) 9_665 ? 

Al3 Si4 2.5364(10) 13_565 ? 

Al3 Si4 2.5364(10) 1_655 ? 

Al3 Al4 2.5364(10) 13_565 ? 

Al3 Al4 2.5364(10) 1_655 ? 

Al3 Al4 2.5364(10) . ? 

Al3 Si4 2.5364(10) 13 ? 

Al3 Al4 2.5364(10) 13 ? 

Al3 Ce1 3.1942(11) 1_665 ? 

Al4 Cu2 2.5114(9) 1_565 ? 

Al4 Cu3 2.5364(10) 1_455 ? 

Al4 Al3 2.5364(10) 1_455 ? 

Al4 Si4 2.749(2) 9_566 ? 

Al4 Al4 2.749(2) 9_566 ? 

Al4 Al4 2.9727(11) 13_565 ? 

Al4 Al4 2.9727(11) 13_455 ? 

Al4 Al4 2.9727(11) 13_465 ? 

Al4 Al4 2.9727(11) 13 ? 

  

loop_ 

 _geom_angle_atom_site_label_1 

 _geom_angle_atom_site_label_2 

 _geom_angle_atom_site_label_3 

 _geom_angle 

 _geom_angle_site_symmetry_1 

 _geom_angle_site_symmetry_3 

 _geom_angle_publ_flag 

Cu3 Ce1 Al3 180.00(3) 9 . ? 

Cu3 Ce1 Al3 0.00(3) 9 9 ? 

Al3 Ce1 Al3 180.00(3) . 9 ? 

Cu3 Ce1 Cu3 137.08(4) 9 9_665 ? 

Al3 Ce1 Cu3 42.92(4) . 9_665 ? 

Al3 Ce1 Cu3 137.08(4) 9 9_665 ? 

Cu3 Ce1 Al3 42.92(4) 9 1_445 ? 

Al3 Ce1 Al3 137.08(4) . 1_445 ? 

Al3 Ce1 Al3 42.92(4) 9 1_445 ? 

Cu3 Ce1 Al3 180.00(3) 9_665 1_445 ? 

Cu3 Ce1 Cu3 42.92(4) 9 1_445 ? 

Al3 Ce1 Cu3 137.08(4) . 1_445 ? 

Al3 Ce1 Cu3 42.92(4) 9 1_445 ? 

Cu3 Ce1 Cu3 180.00(3) 9_665 1_445 ? 

Al3 Ce1 Cu3 0.00(3) 1_445 1_445 ? 

Cu3 Ce1 Al3 137.08(4) 9 9_665 ? 

Al3 Ce1 Al3 42.92(4) . 9_665 ? 

Al3 Ce1 Al3 137.08(4) 9 9_665 ? 

Cu3 Ce1 Al3 0.00(3) 9_665 9_665 ? 

Al3 Ce1 Al3 180.00(3) 1_445 9_665 ? 

Cu3 Ce1 Al3 180.00(3) 1_445 9_665 ? 

Cu3 Ce1 Al3 97.693(13) 9 1_545 ? 

Al3 Ce1 Al3 82.307(13) . 1_545 ? 

Al3 Ce1 Al3 97.693(13) 9 1_545 ? 

Cu3 Ce1 Al3 97.693(12) 9_665 1_545 ? 

Al3 Ce1 Al3 82.307(12) 1_445 1_545 ? 

Cu3 Ce1 Al3 82.307(12) 1_445 1_545 ? 

Al3 Ce1 Al3 97.693(12) 9_665 1_545 ? 

Cu3 Ce1 Al3 82.307(12) 9 9_655 ? 

Al3 Ce1 Al3 97.693(13) . 9_655 ? 

Al3 Ce1 Al3 82.307(12) 9 9_655 ? 

Cu3 Ce1 Al3 82.307(12) 9_665 9_655 ? 

Al3 Ce1 Al3 97.693(12) 1_445 9_655 ? 

Cu3 Ce1 Al3 97.693(12) 1_445 9_655 ? 

Al3 Ce1 Al3 82.307(12) 9_665 9_655 ? 

Al3 Ce1 Al3 42.92(4) 1_545 9_655 ? 

Cu3 Ce1 Al3 82.307(12) 9 9_565 ? 

Al3 Ce1 Al3 97.693(13) . 9_565 ? 

Al3 Ce1 Al3 82.307(12) 9 9_565 ? 

Cu3 Ce1 Al3 82.307(12) 9_665 9_565 ? 

Al3 Ce1 Al3 97.693(12) 1_445 9_565 ? 

Cu3 Ce1 Al3 97.693(12) 1_445 9_565 ? 

Al3 Ce1 Al3 82.307(12) 9_665 9_565 ? 

Al3 Ce1 Al3 180.0 1_545 9_565 ? 

Al3 Ce1 Al3 137.08(4) 9_655 9_565 ? 

Cu3 Ce1 Cu3 82.307(12) 9 9_565 ? 

Al3 Ce1 Cu3 97.693(13) . 9_565 ? 

Al3 Ce1 Cu3 82.307(12) 9 9_565 ? 

Cu3 Ce1 Cu3 82.307(12) 9_665 9_565 ? 

Al3 Ce1 Cu3 97.693(12) 1_445 9_565 ? 

Cu3 Ce1 Cu3 97.693(12) 1_445 9_565 ? 

Al3 Ce1 Cu3 82.307(12) 9_665 9_565 ? 

Al3 Ce1 Cu3 180.0 1_545 9_565 ? 

Al3 Ce1 Cu3 137.08(4) 9_655 9_565 ? 

Al3 Ce1 Cu3 0.0 9_565 9_565 ? 

Si4 Cu2 Si4 180.0 13_455 5_656 ? 

Si4 Cu2 Si4 107.43(2) 13_455 9_566 ? 

Si4 Cu2 Si4 72.57(2) 5_656 9_566 ? 

Si4 Cu2 Al4 72.57(2) 13_455 1_545 ? 

Si4 Cu2 Al4 107.43(2) 5_656 1_545 ? 

Si4 Cu2 Al4 180.0 9_566 1_545 ? 

Si4 Cu2 Si4 72.57(2) 13_455 1_545 ? 

Si4 Cu2 Si4 107.43(2) 5_656 1_545 ? 

Si4 Cu2 Si4 180.0 9_566 1_545 ? 

Al4 Cu2 Si4 0.0 1_545 1_545 ? 

Si4 Cu2 Al4 107.43(2) 13_455 9_566 ? 

Si4 Cu2 Al4 72.57(2) 5_656 9_566 ? 

Si4 Cu2 Al4 0.00(4) 9_566 9_566 ? 

Al4 Cu2 Al4 180.0 1_545 9_566 ? 

Si4 Cu2 Al4 180.0 1_545 9_566 ? 

Si4 Cu2 Al4 0.0 13_455 13_455 ? 

Si4 Cu2 Al4 180.0 5_656 13_455 ? 

Si4 Cu2 Al4 107.43(2) 9_566 13_455 ? 

Al4 Cu2 Al4 72.57(2) 1_545 13_455 ? 

Si4 Cu2 Al4 72.57(2) 1_545 13_455 ? 

Al4 Cu2 Al4 107.43(2) 9_566 13_455 ? 

Si4 Cu2 Al4 180.0 13_455 5_656 ? 

Si4 Cu2 Al4 0.00(4) 5_656 5_656 ? 

Si4 Cu2 Al4 72.57(2) 9_566 5_656 ? 

Al4 Cu2 Al4 107.43(2) 1_545 5_656 ? 

Si4 Cu2 Al4 107.43(2) 1_545 5_656 ? 

Al4 Cu2 Al4 72.57(2) 9_566 5_656 ? 

Al4 Cu2 Al4 180.0 13_455 5_656 ? 

Si4 Cu2 Si4 113.64(5) 13_455 13 ? 

Si4 Cu2 Si4 66.36(5) 5_656 13 ? 

Si4 Cu2 Si4 107.43(2) 9_566 13 ? 

Al4 Cu2 Si4 72.57(2) 1_545 13 ? 

Si4 Cu2 Si4 72.57(2) 1_545 13 ? 

Al4 Cu2 Si4 107.43(2) 9_566 13 ? 

Al4 Cu2 Si4 113.64(5) 13_455 13 ? 

Al4 Cu2 Si4 66.36(5) 5_656 13 ? 

Si4 Cu2 Al4 113.64(5) 13_455 13 ? 

Si4 Cu2 Al4 66.36(5) 5_656 13 ? 

Si4 Cu2 Al4 107.43(2) 9_566 13 ? 
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Al4 Cu2 Al4 72.57(2) 1_545 13 ? 

Si4 Cu2 Al4 72.57(2) 1_545 13 ? 

Al4 Cu2 Al4 107.43(2) 9_566 13 ? 

Al4 Cu2 Al4 113.64(5) 13_455 13 ? 

Al4 Cu2 Al4 66.36(5) 5_656 13 ? 

Si4 Cu2 Al4 0.00(4) 13 13 ? 

Si4 Cu2 Al4 66.36(5) 13_455 5_556 ? 

Si4 Cu2 Al4 113.64(5) 5_656 5_556 ? 

Si4 Cu2 Al4 72.57(2) 9_566 5_556 ? 

Al4 Cu2 Al4 107.43(2) 1_545 5_556 ? 

Si4 Cu2 Al4 107.43(2) 1_545 5_556 ? 

Al4 Cu2 Al4 72.57(2) 9_566 5_556 ? 

Al4 Cu2 Al4 66.36(5) 13_455 5_556 ? 

Al4 Cu2 Al4 113.64(5) 5_656 5_556 ? 

Si4 Cu2 Al4 180.0 13 5_556 ? 

Al4 Cu2 Al4 180.0 13 5_556 ? 

Si4 Cu2 Si4 107.43(2) 13_455 9_556 ? 

Si4 Cu2 Si4 72.57(2) 5_656 9_556 ? 

Si4 Cu2 Si4 113.64(5) 9_566 9_556 ? 

Al4 Cu2 Si4 66.36(5) 1_545 9_556 ? 

Si4 Cu2 Si4 66.36(5) 1_545 9_556 ? 

Al4 Cu2 Si4 113.64(5) 9_566 9_556 ? 

Al4 Cu2 Si4 107.43(2) 13_455 9_556 ? 

Al4 Cu2 Si4 72.57(2) 5_656 9_556 ? 

Si4 Cu2 Si4 107.43(2) 13 9_556 ? 

Al4 Cu2 Si4 107.43(2) 13 9_556 ? 

Al4 Cu2 Si4 72.57(2) 5_556 9_556 ? 

Cu3 Al3 Al3 0.0 9_665 9_665 ? 

Cu3 Al3 Si4 124.03(3) 9_665 13_565 ? 

Al3 Al3 Si4 124.03(3) 9_665 13_565 ? 

Cu3 Al3 Si4 124.03(3) 9_665 1_655 ? 

Al3 Al3 Si4 124.03(3) 9_665 1_655 ? 

Si4 Al3 Si4 71.75(3) 13_565 1_655 ? 

Cu3 Al3 Al4 124.03(3) 9_665 13_565 ? 

Al3 Al3 Al4 124.03(3) 9_665 13_565 ? 

Si4 Al3 Al4 0.00(4) 13_565 13_565 ? 

Si4 Al3 Al4 71.75(3) 1_655 13_565 ? 

Cu3 Al3 Al4 124.03(3) 9_665 1_655 ? 

Al3 Al3 Al4 124.03(3) 9_665 1_655 ? 

Si4 Al3 Al4 71.75(3) 13_565 1_655 ? 

Si4 Al3 Al4 0.00(4) 1_655 1_655 ? 

Al4 Al3 Al4 71.75(3) 13_565 1_655 ? 

Cu3 Al3 Al4 124.03(3) 9_665 . ? 

Al3 Al3 Al4 124.03(3) 9_665 . ? 

Si4 Al3 Al4 71.75(3) 13_565 . ? 

Si4 Al3 Al4 111.94(6) 1_655 . ? 

Al4 Al3 Al4 71.75(3) 13_565 . ? 

Al4 Al3 Al4 111.94(6) 1_655 . ? 

Cu3 Al3 Si4 124.03(3) 9_665 13 ? 

Al3 Al3 Si4 124.03(3) 9_665 13 ? 

Si4 Al3 Si4 111.94(6) 13_565 13 ? 

Si4 Al3 Si4 71.75(3) 1_655 13 ? 

Al4 Al3 Si4 111.94(6) 13_565 13 ? 

Al4 Al3 Si4 71.75(3) 1_655 13 ? 

Al4 Al3 Si4 71.75(3) . 13 ? 

Cu3 Al3 Al4 124.03(3) 9_665 13 ? 

Al3 Al3 Al4 124.03(3) 9_665 13 ? 

Si4 Al3 Al4 111.94(6) 13_565 13 ? 

Si4 Al3 Al4 71.75(3) 1_655 13 ? 

Al4 Al3 Al4 111.94(6) 13_565 13 ? 

Al4 Al3 Al4 71.75(3) 1_655 13 ? 

Al4 Al3 Al4 71.75(3) . 13 ? 

Si4 Al3 Al4 0.0 13 13 ? 

Cu3 Al3 Ce1 68.538(18) 9_665 . ? 

Al3 Al3 Ce1 68.538(18) 9_665 . ? 

Si4 Al3 Ce1 138.602(9) 13_565 . ? 

Si4 Al3 Ce1 138.602(9) 1_655 . ? 

Al4 Al3 Ce1 138.602(9) 13_565 . ? 

Al4 Al3 Ce1 138.602(9) 1_655 . ? 

Al4 Al3 Ce1 70.09(2) . . ? 

Si4 Al3 Ce1 70.09(2) 13 . ? 

Al4 Al3 Ce1 70.09(2) 13 . ? 

Cu3 Al3 Ce1 68.538(18) 9_665 1_665 ? 

Al3 Al3 Ce1 68.538(18) 9_665 1_665 ? 

Si4 Al3 Ce1 70.09(2) 13_565 1_665 ? 

Si4 Al3 Ce1 70.09(2) 1_655 1_665 ? 

Al4 Al3 Ce1 70.09(2) 13_565 1_665 ? 

Al4 Al3 Ce1 70.09(2) 1_655 1_665 ? 

Al4 Al3 Ce1 138.602(9) . 1_665 ? 

Si4 Al3 Ce1 138.602(9) 13 1_665 ? 

Al4 Al3 Ce1 138.602(9) 13 1_665 ? 

Ce1 Al3 Ce1 137.08(4) . 1_665 ? 

Cu2 Al4 Cu2 113.64(5) 1_565 . ? 

Cu2 Al4 Cu3 107.834(17) 1_565 1_455 

? 

Cu2 Al4 Cu3 107.834(17) . 1_455 ? 

Cu2 Al4 Al3 107.834(17) 1_565 1_455 

? 

Cu2 Al4 Al3 107.834(17) . 1_455 ? 

Cu3 Al4 Al3 0.0 1_455 1_455 ? 

Cu2 Al4 Al3 107.834(17) 1_565 . ? 

Cu2 Al4 Al3 107.834(17) . . ? 

Cu3 Al4 Al3 111.94(6) 1_455 . ? 

Al3 Al4 Al3 111.94(6) 1_455 . ? 

Cu2 Al4 Si4 56.82(2) 1_565 9_566 ? 

Cu2 Al4 Si4 56.82(2) . 9_566 ? 

Cu3 Al4 Si4 124.03(3) 1_455 9_566 ? 

Al3 Al4 Si4 124.03(3) 1_455 9_566 ? 

Al3 Al4 Si4 124.03(3) . 9_566 ? 

Cu2 Al4 Al4 56.82(2) 1_565 9_566 ? 

Cu2 Al4 Al4 56.82(2) . 9_566 ? 

Cu3 Al4 Al4 124.03(3) 1_455 9_566 ? 

Al3 Al4 Al4 124.03(3) 1_455 9_566 ? 

Al3 Al4 Al4 124.03(3) . 9_566 ? 

Si4 Al4 Al4 0.0 9_566 9_566 ? 

Cu2 Al4 Al4 53.713(12) 1_565 13_565 

? 

Cu2 Al4 Al4 126.287(12) . 13_565 ? 

Cu3 Al4 Al4 125.874(14) 1_455 13_565 

? 

Al3 Al4 Al4 125.874(14) 1_455 13_565 

? 

Al3 Al4 Al4 54.126(14) . 13_565 ? 

Si4 Al4 Al4 90.0 9_566 13_565 ? 

Al4 Al4 Al4 90.0 9_566 13_565 ? 

Cu2 Al4 Al4 126.287(12) 1_565 13_455 

? 

Cu2 Al4 Al4 53.713(12) . 13_455 ? 

Cu3 Al4 Al4 54.126(14) 1_455 13_455 

? 

Al3 Al4 Al4 54.126(14) 1_455 13_455 ? 

Al3 Al4 Al4 125.874(14) . 13_455 ? 

Si4 Al4 Al4 90.0 9_566 13_455 ? 

Al4 Al4 Al4 90.0 9_566 13_455 ? 

Al4 Al4 Al4 180.0 13_565 13_455 ? 

Cu2 Al4 Al4 53.713(12) 1_565 13_465 

? 

Cu2 Al4 Al4 126.287(12) . 13_465 ? 

Cu3 Al4 Al4 54.126(14) 1_455 13_465 

? 

Al3 Al4 Al4 54.126(14) 1_455 13_465 ? 

Al3 Al4 Al4 125.874(14) . 13_465 ? 

Si4 Al4 Al4 90.0 9_566 13_465 ? 

Al4 Al4 Al4 90.0 9_566 13_465 ? 

Al4 Al4 Al4 90.0 13_565 13_465 ? 

Al4 Al4 Al4 90.0 13_455 13_465 ? 

Cu2 Al4 Al4 126.287(12) 1_565 13 ? 

Cu2 Al4 Al4 53.713(12) . 13 ? 

Cu3 Al4 Al4 125.874(14) 1_455 13 ? 

Al3 Al4 Al4 125.874(14) 1_455 13 ? 

Al3 Al4 Al4 54.126(14) . 13 ? 

Si4 Al4 Al4 90.0 9_566 13 ? 

Al4 Al4 Al4 90.0 9_566 13 ? 

Al4 Al4 Al4 90.0 13_565 13 ? 

Al4 Al4 Al4 90.0 13_455 13 ? 

Al4 Al4 Al4 180.0 13_465 13 ? 

  

_diffrn_measured_fraction_theta_max    

0.968 

_diffrn_reflns_theta_full              25.00 

_diffrn_measured_fraction_theta_full   

0.990 

_refine_diff_density_max    1.069 

_refine_diff_density_min   -0.768 

_refine_diff_density_rms    0.202 
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A2.3 MnGe 100819 at 300 K 
data_mnge 

  

_audit_creation_method            

SHELXL-97 

_chemical_name_systematic 

; 

 ? 

; 

_chemical_name_common             ? 

_chemical_melting_point           ? 

_chemical_formula_moiety          'Mn1 

Ge1' 

_chemical_formula_sum 

 'Ge Mn' 

_chemical_formula_weight          127.53 

  

loop_ 

 _atom_type_symbol 

 _atom_type_description 

 _atom_type_scat_dispersion_real 

 _atom_type_scat_dispersion_imag 

 _atom_type_scat_source 

 'Mn'  'Mn'   0.3368   0.7283 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

 'Ge'  'Ge'   0.1547   1.8001 

 'International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4' 

  

_symmetry_cell_setting             'cubic' 

_symmetry_space_group_name_H-M    

'P 21 3' 

_symmetry_space_group_name_Hall  'P 

2ac 2ab 3' 

 

  

loop_ 

 _symmetry_equiv_pos_as_xyz 

 'x, y, z' 

 '-x+1/2, -y, z+1/2' 

 'x+1/2, -y+1/2, -z' 

 '-x, y+1/2, -z+1/2' 

 'z, x, y' 

 'y, z, x' 

 '-z+1/2, -x, y+1/2' 

 '-y, z+1/2, -x+1/2' 

 'z+1/2, -x+1/2, -y' 

 '-y+1/2, -z, x+1/2' 

 '-z, x+1/2, -y+1/2' 

 'y+1/2, -z+1/2, -x' 

  

_cell_length_a                    4.797(4) 

_cell_length_b                    4.797(4) 

_cell_length_c                    4.797(4) 

_cell_angle_alpha                 90.00 

_cell_angle_beta                  90.00 

_cell_angle_gamma                 90.00 

_cell_volume                      110.41(14) 

_cell_formula_units_Z             4 

_cell_measurement_temperature     

293(2) 

_cell_measurement_reflns_used     65 

_cell_measurement_theta_min       0.998 

_cell_measurement_theta_max       

30.034 

  

_exptl_crystal_description        'plate' 

_exptl_crystal_colour             'silver' 

_exptl_crystal_size_max           0.05 

_exptl_crystal_size_mid           0.05 

_exptl_crystal_size_min           0.05 

_exptl_crystal_density_meas       ? 

_exptl_crystal_density_diffrn     7.672 

_exptl_crystal_density_method     'not 

measured' 

_exptl_crystal_F_000              228 

_exptl_absorpt_coefficient_mu     37.679 

_exptl_absorpt_correction_type    'multi-

scan' 

_exptl_absorpt_correction_T_min   

0.2545 

_exptl_absorpt_correction_T_max   

0.2545 

_exptl_absorpt_process_details    'denzo 

scale pack' 

  

_exptl_special_details 

; 

 ? 

; 

  

_diffrn_ambient_temperature       293(2) 

_diffrn_radiation_wavelength      

0.71073 

_diffrn_radiation_type            MoK\a 

_diffrn_radiation_source          'fine-

focus sealed tube' 

_diffrn_radiation_monochromator   

graphite 

_diffrn_measurement_device_type   

'KappaCCD' 

_diffrn_measurement_method        

'CCD' 

_diffrn_detector_area_resol_mean  9 

_diffrn_standards_number          ? 

_diffrn_standards_interval_count  ? 

_diffrn_standards_interval_time   ? 

_diffrn_standards_decay_%         ? 

_diffrn_reflns_number             107 

_diffrn_reflns_av_R_equivalents   

0.0000 

_diffrn_reflns_av_sigmaI/netI     0.0481 

_diffrn_reflns_limit_h_min        -4 

_diffrn_reflns_limit_h_max        4 

_diffrn_reflns_limit_k_min        -6 

_diffrn_reflns_limit_k_max        6 

_diffrn_reflns_limit_l_min        -4 

_diffrn_reflns_limit_l_max        4 

_diffrn_reflns_theta_min          6.01 

_diffrn_reflns_theta_max          29.80 

_reflns_number_total              107 

_reflns_number_gt                 102 

_reflns_threshold_expression      >2\s(I) 

  

_computing_data_collection        'Nonius 

KappaCCD' 

_computing_cell_refinement        'HKL 

Scalepack (Otwinowski & Minor 1997)' 

_computing_data_reduction         'HKL 

Denzo and Scalepack (Otwinowski & 

Minor 1997)' 

_computing_structure_solution     

'SHELXS-97 (Sheldrick, 1990)'  

_computing_structure_refinement   

'SHELXL-97 (Sheldrick, 2008)' 

_computing_molecular_graphics     ? 

_computing_publication_material   ? 

  

_refine_special_details 

; 

 Refinement of F^2^ against ALL 

reflections.  The weighted R-factor wR 

and 

 goodness of fit S are based on F^2^, 

conventional R-factors R are based 

 on F, with F set to zero for negative 

F^2^. The threshold expression of 

 F^2^ > 2\s(F^2^) is used only for 

calculating R-factors(gt) etc. and is 

 not relevant to the choice of reflections 

for refinement.  R-factors based 

 on F^2^ are statistically about twice as 

large as those based on F, and R- 

 factors based on ALL data will be even 

larger. 

; 

  

_refine_ls_structure_factor_coef  Fsqd 

_refine_ls_matrix_type            full 

_refine_ls_weighting_scheme       calc 

_refine_ls_weighting_details 

 'calc 

w=1/[\s^2^(Fo^2^)+(0.0000P)^2^+0.000

0P] where P=(Fo^2^+2Fc^2^)/3' 

_atom_sites_solution_primary      direct 

_atom_sites_solution_secondary    

difmap 

_atom_sites_solution_hydrogens    ? 

_refine_ls_hydrogen_treatment     ? 

_refine_ls_extinction_method      

SHELXL 

_refine_ls_extinction_coef        0.016(3) 

_refine_ls_extinction_expression 

 

'Fc^*^=kFc[1+0.001xFc^2^\l^3^/sin(2\q

)]^-1/4^' 

_refine_ls_abs_structure_details 

 'Flack H D (1983), Acta Cryst. A39, 

876-881' 

_refine_ls_abs_structure_Flack    -

0.02(6) 

_refine_ls_number_reflns          107 

_refine_ls_number_parameters      8 

_refine_ls_number_restraints      0 

_refine_ls_R_factor_all           0.0242 

_refine_ls_R_factor_gt            0.0219 

_refine_ls_wR_factor_ref          0.0458 

_refine_ls_wR_factor_gt           0.0435 

_refine_ls_goodness_of_fit_ref    0.972 

_refine_ls_restrained_S_all       0.972 

_refine_ls_shift/su_max           0.015 

_refine_ls_shift/su_mean          0.004 

  

loop_ 

 _atom_site_label 

 _atom_site_type_symbol 

 _atom_site_fract_x 

 _atom_site_fract_y 

 _atom_site_fract_z 

 _atom_site_U_iso_or_equiv 

 _atom_site_adp_type 

 _atom_site_occupancy 

 _atom_site_symmetry_multiplicity 

 _atom_site_calc_flag 
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 _atom_site_refinement_flags 

 _atom_site_disorder_assembly 

 _atom_site_disorder_group 

Mn01 Mn 0.86268(12) 0.86268(12) 

0.86268(12) 0.0076(3) Uani 1 3 d S . . 

Ge02 Ge 0.15628(9) 0.15628(9) 

0.15628(9) 0.0085(3) Uani 1 3 d S . . 

  

loop_ 

 _atom_site_aniso_label 

 _atom_site_aniso_U_11 

 _atom_site_aniso_U_22 

 _atom_site_aniso_U_33 

 _atom_site_aniso_U_23 

 _atom_site_aniso_U_13 

 _atom_site_aniso_U_12 

Mn01 0.0076(3) 0.0076(3) 0.0076(3) 

0.0000(2) 0.0000(2) 0.0000(2) 

Ge02 0.0085(3) 0.0085(3) 0.0085(3) -

0.00068(15) -0.00068(15) -0.00068(15) 

  

_geom_special_details 

; 

 All s.u.'s (except the s.u. in the dihedral 

angle between two l.s. planes) 

 are estimated using the full covariance 

matrix.  The cell s.u.'s are taken 

 into account individually in the 

estimation of s.u.'s in distances, angles 

 and torsion angles; correlations between 

s.u.'s in cell parameters are only 

 used when they are defined by crystal 

symmetry.  An approximate (isotropic) 

 treatment of cell s.u.'s is used for 

estimating s.u.'s involving l.s. planes. 

; 

  

loop_ 

 _geom_bond_atom_site_label_1 

 _geom_bond_atom_site_label_2 

 _geom_bond_distance 

 _geom_bond_site_symmetry_2 

 _geom_bond_publ_flag 

Mn01 Ge02 2.440(2) 1_666 ? 

Mn01 Ge02 2.5128(19) 4_656 ? 

Mn01 Ge02 2.5128(19) 3_566 ? 

Mn01 Ge02 2.5128(19) 2_665 ? 

Mn01 Ge02 2.681(2) 4_655 ? 

Mn01 Ge02 2.681(2) 3_556 ? 

Mn01 Ge02 2.681(2) 2_565 ? 

Mn01 Mn01 2.942(2) 2_675 ? 

Mn01 Mn01 2.942(2) 4_756 ? 

Mn01 Mn01 2.942(2) 3_567 ? 

Mn01 Mn01 2.942(2) 2_674 ? 

Mn01 Mn01 2.942(2) 3_467 ? 

Ge02 Mn01 2.440(2) 1_444 ? 

Ge02 Mn01 2.5128(19) 3_466 ? 

Ge02 Mn01 2.5128(19) 2_664 ? 

Ge02 Mn01 2.5128(19) 4_646 ? 

Ge02 Mn01 2.681(2) 3_456 ? 

Ge02 Mn01 2.681(2) 2_564 ? 

Ge02 Mn01 2.681(2) 4_645 ? 

  

loop_ 

 _geom_angle_atom_site_label_1 

 _geom_angle_atom_site_label_2 

 _geom_angle_atom_site_label_3 

 _geom_angle 

 _geom_angle_site_symmetry_1 

 _geom_angle_site_symmetry_3 

 _geom_angle_publ_flag 

Ge02 Mn01 Ge02 73.63(2) 1_666 4_656 

? 

Ge02 Mn01 Ge02 73.63(2) 1_666 3_566 

? 

Ge02 Mn01 Ge02 112.39(2) 4_656 

3_566 ? 

Ge02 Mn01 Ge02 73.63(2) 1_666 2_665 

? 

Ge02 Mn01 Ge02 112.39(2) 4_656 

2_665 ? 

Ge02 Mn01 Ge02 112.39(2) 3_566 

2_665 ? 

Ge02 Mn01 Ge02 140.264(14) 1_666 

4_655 ? 

Ge02 Mn01 Ge02 134.92(3) 4_656 

4_655 ? 

Ge02 Mn01 Ge02 106.99(3) 3_566 

4_655 ? 

Ge02 Mn01 Ge02 69.625(13) 2_665 

4_655 ? 

Ge02 Mn01 Ge02 140.264(14) 1_666 

3_556 ? 

Ge02 Mn01 Ge02 69.625(13) 4_656 

3_556 ? 

Ge02 Mn01 Ge02 134.92(3) 3_566 

3_556 ? 

Ge02 Mn01 Ge02 106.99(3) 2_665 

3_556 ? 

Ge02 Mn01 Ge02 67.23(2) 4_655 3_556 

? 

Ge02 Mn01 Ge02 140.264(14) 1_666 

2_565 ? 

Ge02 Mn01 Ge02 106.99(3) 4_656 

2_565 ? 

Ge02 Mn01 Ge02 69.625(13) 3_566 

2_565 ? 

Ge02 Mn01 Ge02 134.92(3) 2_665 

2_565 ? 

Ge02 Mn01 Ge02 67.23(2) 4_655 2_565 

? 

Ge02 Mn01 Ge02 67.23(2) 3_556 2_565 

? 

Ge02 Mn01 Mn01 58.87(3) 1_666 

2_675 ? 

Ge02 Mn01 Mn01 54.162(9) 4_656 

2_675 ? 

Ge02 Mn01 Mn01 58.23(2) 3_566 

2_675 ? 

Ge02 Mn01 Mn01 132.44(5) 2_665 

2_675 ? 

Ge02 Mn01 Mn01 155.50(3) 4_655 

2_675 ? 

Ge02 Mn01 Mn01 107.92(3) 3_556 

2_675 ? 

Ge02 Mn01 Mn01 88.572(12) 2_565 

2_675 ? 

Ge02 Mn01 Mn01 58.87(3) 1_666 

4_756 ? 

Ge02 Mn01 Mn01 132.44(5) 4_656 

4_756 ? 

Ge02 Mn01 Mn01 54.162(9) 3_566 

4_756 ? 

Ge02 Mn01 Mn01 58.23(2) 2_665 

4_756 ? 

Ge02 Mn01 Mn01 88.572(12) 4_655 

4_756 ? 

Ge02 Mn01 Mn01 155.50(3) 3_556 

4_756 ? 

Ge02 Mn01 Mn01 107.92(3) 2_565 

4_756 ? 

Mn01 Mn01 Mn01 95.68(4) 2_675 

4_756 ? 

Ge02 Mn01 Mn01 58.87(3) 1_666 

3_567 ? 

Ge02 Mn01 Mn01 58.23(2) 4_656 

3_567 ? 

Ge02 Mn01 Mn01 132.44(5) 3_566 

3_567 ? 

Ge02 Mn01 Mn01 54.162(9) 2_665 

3_567 ? 

Ge02 Mn01 Mn01 107.92(3) 4_655 

3_567 ? 

Ge02 Mn01 Mn01 88.572(12) 3_556 

3_567 ? 

Ge02 Mn01 Mn01 155.50(3) 2_565 

3_567 ? 

Mn01 Mn01 Mn01 95.68(4) 2_675 

3_567 ? 

Mn01 Mn01 Mn01 95.68(4) 4_756 

3_567 ? 

Ge02 Mn01 Mn01 115.10(3) 1_666 

2_674 ? 

Ge02 Mn01 Mn01 155.75(3) 4_656 

2_674 ? 

Ge02 Mn01 Mn01 54.162(9) 3_566 

2_674 ? 

Ge02 Mn01 Mn01 91.857(13) 2_665 

2_674 ? 

Ge02 Mn01 Mn01 52.835(18) 4_655 

2_674 ? 

Ge02 Mn01 Mn01 104.62(4) 3_556 

2_674 ? 

Ge02 Mn01 Mn01 51.16(3) 2_565 

2_674 ? 

Mn01 Mn01 Mn01 109.210(5) 2_675 

2_674 ? 

Mn01 Mn01 Mn01 60.0 4_756 2_674 ? 

Mn01 Mn01 Mn01 145.999(9) 3_567 

2_674 ? 

Ge02 Mn01 Mn01 115.10(3) 1_666 

3_467 ? 

Ge02 Mn01 Mn01 54.162(9) 4_656 

3_467 ? 

Ge02 Mn01 Mn01 91.857(13) 3_566 

3_467 ? 

Ge02 Mn01 Mn01 155.75(3) 2_665 

3_467 ? 

Ge02 Mn01 Mn01 104.62(4) 4_655 

3_467 ? 

Ge02 Mn01 Mn01 51.16(4) 3_556 

3_467 ? 

Ge02 Mn01 Mn01 52.835(18) 2_565 

3_467 ? 

Mn01 Mn01 Mn01 60.0 2_675 3_467 ? 

Mn01 Mn01 Mn01 145.999(9) 4_756 

3_467 ? 

Mn01 Mn01 Mn01 109.210(5) 3_567 

3_467 ? 

Mn01 Mn01 Mn01 103.30(4) 2_674 

3_467 ? 

Mn01 Ge02 Mn01 137.463(12) 1_444 

3_466 ? 

Mn01 Ge02 Mn01 137.463(12) 1_444 

2_664 ? 

Mn01 Ge02 Mn01 71.676(19) 3_466 

2_664 ? 

Mn01 Ge02 Mn01 137.463(12) 1_444 

4_646 ? 
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Mn01 Ge02 Mn01 71.676(19) 3_466 

4_646 ? 

Mn01 Ge02 Mn01 71.676(19) 2_664 

4_646 ? 

Mn01 Ge02 Mn01 69.971(15) 1_444 

3_456 ? 

Mn01 Ge02 Mn01 134.92(3) 3_466 

3_456 ? 

Mn01 Ge02 Mn01 68.934(13) 2_664 

3_456 ? 

Mn01 Ge02 Mn01 114.23(3) 4_646 

3_456 ? 

Mn01 Ge02 Mn01 69.971(15) 1_444 

2_564 ? 

Mn01 Ge02 Mn01 114.23(3) 3_466 

2_564 ? 

Mn01 Ge02 Mn01 134.92(3) 2_664 

2_564 ? 

Mn01 Ge02 Mn01 68.934(13) 4_646 

2_564 ? 

Mn01 Ge02 Mn01 108.907(16) 3_456 

2_564 ? 

Mn01 Ge02 Mn01 69.971(15) 1_444 

4_645 ? 

Mn01 Ge02 Mn01 68.934(13) 3_466 

4_645 ? 

Mn01 Ge02 Mn01 114.23(3) 2_664 

4_645 ? 

Mn01 Ge02 Mn01 134.92(3) 4_646 

4_645 ? 

Mn01 Ge02 Mn01 108.907(16) 3_456 

4_645 ? 

Mn01 Ge02 Mn01 108.907(16) 2_564 

4_645 ? 

  

_diffrn_measured_fraction_theta_max    

1.000 

_diffrn_reflns_theta_full              29.80 

_diffrn_measured_fraction_theta_full   

1.000 

_refine_diff_density_max    0.721 

_refine_diff_density_min   -0.734 

_refine_diff_density_rms    0.195 
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A3.2 Ln(Ag,Al,Si)2 (Ln = Ce and Gd) 

 



128 

 

 



129 

 

A3.3 Ln(Cu,Al)12 (Ln = Y, Ce, Pr, Sm, and Yb) 
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