


ABSTRACT

Magnetic and Electronic Correlations in Rare Earth Intermetallic Compounds

by

Macy L. Stavinoha

Magnetic and electronic correlations form the framework of physical properties

observed in rare earth-based intermetallic compounds. Rare earth ions (La-Lu) can

host a variety of behaviors including the Kondo effect, crystal electric field splitting,

long-range magnetic order, and valence fluctuations whose combined effects deter-

mine the ground state magnetic and electronic properties of the host intermetallic

compound. In solid state chemistry and condensed matter physics disciplines, phys-

ical properties can be traced through structural families where these behaviors are

common to the crystallographic arrangement of the compound. When changes in

the physical properties are correlated with small changes in the chemical composi-

tion or crystallographic structure of the compound, this provides a route to study

and tune the underlying quantum mechanical interactions responsible for unusual or

useful characteristics of these materials.

In this thesis, I will report the discovery of two new intermetallic compounds

YbIr3Si7 and YbIr3Ge7 and two new substitutional series Eu(Ga1−xAlx)4 and Eu1−xAxGa4.

The isostructural analogs YbIr3Si7 and YbIr3Ge7 differ greatly in their physical prop-

erties, and each compound is unique in its own respect. YbIr3Si7 shows a combination

of behaviors that has not been reported in any other compound, including Kondo

correlations, insulator-like resistivity, long-range magnetic order, and the onset of



conductive surface states at low temperature. YbIr3Ge7, however, is a rare Kondo

lattice ferromagnet and the first of which to crystallize in a rhombohedral crystal

structure.

In contrast, EuGa4 is an antiferromagnetic compound with a ubiquitous tetragonal

crystal structure. Small changes in the magnetic Eu sublattice or the nonmagnetic Ga

sublattice can introduce unexpected changes in the observed physical properties of the

system. Here, Al substitution in the Ga sublattice to produce the single crystal series

Eu(Ga1−xAlx)4 results in nonlinear changes to the magnetic ordering temperature

and the presence of ferromagnetic correlations, despite the similar size and electronic

configuration of Al and Ga. In contrast, substitution in the magnetic Eu sublattice to

form Eu1−xAxGa4 with A = Ca, La, or Sr shows that introducing the smaller Ca ion

causes structural distortion, hole-doping with La suppresses the ordering temperature

rapidly, and Sr substitution slowly suppresses the magnetic order without sacrificing

crystal quality.
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2.1 A magnetic ion with a moment represented by a large arrow is

screened by the spins from conduction electrons shown as small

arrows inside a purple electron cloud, forming a Kondo singlet that

becomes a scattering center in a metal (left). When the singlets gain

periodicity as the temperature is lowered, the scattering becomes

coherent and the resistivity decreases as a Kondo lattice develops.

Figure adapted from Ref. [1]. . . . . . . . . . . . . . . . . . . . . . . 12

2.2 In a metallic compound containing conduction electrons and rare

earth ions with unfilled f orbitals, the energy scales of the Kondo

effect TK (purple dotted line)and RKKY interactions TRKKY (blue

dashed line) depend on temperature, albeit by a different dependence

on the exchange coupling Jex of the system. Because of this difference,

the interactions compete proportionally to their dependence on Jex to

produce an antiferromagnetically ordered (AFM) ground state (red

line) or a disordered paramagnetic (PM) ground state. . . . . . . . . 13

2.3 In a Kondo insulator compound, the d and f orbitals do not

hybridize at high temperature and the d orbitals contribute electrons

to the conduction band. When the temperature is lowered below TK,

hybridization between the d and f bands results in band

renormalization that opens a gap at the Fermi level and gives rise to

an insulating ground state. Figure adapted from Ref. [2]. . . . . . . . 14
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2.4 Trivial band insulator (left) and a topological insulator (right) where

strong spin-orbit coupling causes a band inversion at the surface of

the material. This crossing is allowed when the conduction and

valence bands have opposite parities indicated by + and -, as is the

case in Kondo insulators. Time reversal symmetry prevents spin-flips

in the conduction electrons, so a scattering event causing the

momentum of a conduction electron to change from positive to

negative is forbidden. This band crossing can be visualized

experimentally as a Dirac cone (far right) with the spins at higher

energy exhibiting a different chirality than the spins at lower energy.

Figure adaped from Ref. [3]. . . . . . . . . . . . . . . . . . . . . . . . 17

2.5 Crystal structure of BaAl4 showing the covalent bonding between

Ala-Ala atoms and between Ala-Alb atoms. The Ba cations are

encased in the anionic network by a coordination number of 16. The

charge distribution on each atomic site is shown with +2.00 on the

Ba cation, -0.86 on Ala, and -0.14 on Alb. . . . . . . . . . . . . . . . . 20

2.6 A rhombohedral unit cell shown in the equivalent hexagonal unit cell

setting. Figure reproduced with permission from Ref. [4]. . . . . . . . 22

2.7 (Left) The the trigonal 3̄ symmetry of the Yb ions (orange) is

emphasized in the coordination environment of neighboring Ge atoms

(blue). (Right) The rare earth sublattice of the R3̄c structure is

shown as stacked planes of rotating equilateral triangles. A cuboid

substructure is indicated by thick lines. Red arrows indicate spins

from the magnetic Yb3+ ions in one possible magnetic structure

configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
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2.8 Unit cell of YbIr3Ge7 with some Ir and Ge atoms omitted for clarity.

This structure features chains of YbIr6 octahedra and Ge7 double

tetrahedra. YbIr6 octahedra are illustrated with silver Ir atoms

surrounding red Yb atoms. Blue Ge1 and Ge2 atoms bond to form

the Ge7 double tetrahedra. . . . . . . . . . . . . . . . . . . . . . . . . 24

2.9 (Left) At high temperature, a 1D chain of atoms has a periodicity

with lattice parameter a and an electron density represented by the

dashed line. As the temperature is lowered below TCDW , a distortion

with perfect Fermi surface nesting increases the lattice parameter to

2a and introduces a modulation in the electron density shown by the

dotted line. (Right) The Lindhard response function for a 1D chain of

atoms diverges with perfect Fermi surface nesting at 2kF. In 2D and

3D models, the number of nesting Fermi surface wavevectors

decreases and the Lindhard response function attenuates. Examples

of Fermi surface nesting in 2D and 3D representations are shown on

the far right. Figure adapted from Refs. [5] and [6]. . . . . . . . . . . 25

3.1 Polycrystalline rods of RIr3Si7 produced using the Morosan lab

arcmelter. The smaller rod-shaped well in the copper hearth was used

to shape all of these rods to be used as the feed rods in laser pedestal

growths at PARADIM bulk crystal growth facility. . . . . . . . . . . . 31



x

3.2 Single crystal seed rods of (a) YbIr3Si7, (b) GdIr3Si7, and (c)

TbIr3Si7 pulled from the molten zone in laser pedestal floating zone

growths during Macy’s trip to PARADIM bulk crystal growth facility

from July 21, 2019 - August 2, 2019. An important note is that we

intended to grow “LuIr3Si7” and “TmIr3Si7”, but the rare earth

ampules containing Gd and Tb were mislabelled as “Lu” and “Tm”,

and GdIr3Si7 TbIr3Si7 were grown instead. The chemical identities of

Gd and Tb were determined by EPMA. (d) A different crystal of

YbIr3Si7 grown during Macy’s PARADIM trip on October 2, 2018 as

mounted on a goniometer for a Laue camera. . . . . . . . . . . . . . . 34

3.3 A single crystal four-circle diffractometer pictured with a crystal

mounted in the center of the Eulerian cradle. The counter is located

in reference to the incident x-ray beam by 2θ, and the rotational axes
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the International Union of Crystallography. Reproduced from [7]. . . 38

3.4 Diffracted spots from two representative frames collected from a
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3.5 Backscattered electron images collected by an SEM integrated into
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YbIr3Si7 (dark gray) developed an impurity phase of Ir3Si5 (light

gray) after annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . . 40



xi
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4.3 (a) Powder neutron diffraction measurements for YbIr3Si7 at

T = 25 K (orange symbols) and T = 1.5 K (black symbols). (b)

Rietveld refinement (red line) with the k = 0 Γ1 irreducible

representation of the magnetic diffraction pattern (black symbols),

which is obtained by subtracting the T = 25 K from the T = 1.5 K

data. The difference between experiment and refinement is given by

the blue line and the symmetry-allowed peak positions for the R3̄c

space group are given by the crosses. (c) Neutron order parameter

from the intensity of the (101) magnetic Bragg peak. (d) The spin

configuration of the Yb3+ moments in the Γ1 ordered state. . . . . . . 51

4.4 Powder x-ray diffraction and refinement of YbIr3Si7 and LuIr3Si7. . . 54



xii

4.5 (a) Log-log plot of the temperature-dependent resistivity in H = 0

(triangles) and in applied magnetic field µ0H = 9 T, H ‖[100]

(circles) and H ‖[001] (diamonds), and (b) H ‖[100] from 0 to 14 T. . 57

4.6 Scaled resistivity measurements of the doped Yb1−xLuxIr3Si7

polycrystalline samples for x = 0 (open triangles), x = 0.95

(diamonds) and x = 1 (full triangles). . . . . . . . . . . . . . . . . . . 58

4.7 Anisotropic inverse magnetic susceptibility measurements (symbols)

and calculated polycrystalline average H/Mave (line) with Mave =

2/3M100 + 1/3M001. Solid black lines are linear fits above 350 K,

evidence of Curie-Weiss behavior. . . . . . . . . . . . . . . . . . . . . 59

4.8 Inelastic neutron scattering data taken on BT-7 using pyrolytic

graphite (PG) monochromator, analyzer, a fixed final energy of 14.7

meV with PG filters, 80’ full-width-at-half-maximum radial

collimator and horizontal focusing analyzer. The collimations before

and after the monochromator were OPEN (≈1.5◦) and 50’,

respectively. The Q dependence of the scattering (left) indicates that

the signal for both peaks decreases with increasing Q as expected for

magnetic scattering, after considering that the background increases

with Q, while phonon scattering would be expected to increase

approximately as Q2. The data on the right show that there is very

little change in the scattering in going from 10 K (above the ordering

temperature) to 150 K, which demonstrates that there are no ‘hidden’

low energy crystal field levels (with small matrix elements too small

to be observed), indicating that the lowest CEF level is at 19 meV. . 60



xiii

4.9 Temperature-dependent (a) specific heat CP and (b) magnetic

susceptibility M/H measurements in applied magnetic fields up to 14

T, for H ‖[001]. (c) T = 2.6 K magnetization isotherm M(H) (thick

black line, left axis) and the derivative dM/dH (thin blue line, right

axis), with the large square marking the low-H metamagnetic

transition. (d) T – H phase diagram for H ‖[001]. The phase

diagram is constructed using CP measurements, where the upward

triangle represents the peak from µ0H = 0 – 2.5 T, and the

right-facing triangle represents the peak from µ0H = 3 – 9 T. Squares

represent the peak position in d(MT )/dT (open symbols) and

dM/dH (full symbols). The gray line represent the broad peak

observed in M/H measurements with H ‖[001], likely a cross-over. . . 62

4.10 Longitudinal magnetoresistance i ‖H ‖[100] below (full symbols) and

above (open symbols) TN. . . . . . . . . . . . . . . . . . . . . . . . . 63

4.11 First principles DFT band structure of YbIr3Si7 in (a) PM and (b)

AFM states plotted along the high-symmetry lines in the Brillouin

zone shown in panel (c). The results in panel (b) were obtained

within the DFT+U method (U = 4 eV) to approximately capture the

effect of electron correlations on Yb ion. . . . . . . . . . . . . . . . . 65

4.12 XPS measurements on one point of YbIr3Si7 indicate the ratio of

Yb3+ to Yb2+ on the surface of a single crystal. . . . . . . . . . . . . 66

5.1 (a) Inverse magnetic susceptibility H/(M −M0) vs. T with the

polycrystalline average, Mavg = (M001 + 2M100)/3 (purple line) and

Curie-Weiss fits between T = 400 - 600 K (solid black lines) (b)

Temperature-dependent ac magnetic susceptibility χ′ with Hac along

[001] (blue open symbols) and along [100] (red closed symbols) with

different applied static fields H applied also along [100]. . . . . . . . . 72



xiv

5.2 Scaled temperature-dependent electrical resistivity ρ/ρ300 of

YbIr3Ge7 (red circles) with µ0H = 0 (open symbos) and 9 T (closed

symbols) for H ‖i‖[100]. The nonmagnetic polycrystalline analog

LuIr3Ge7 is shown with black symbols. The dashed line in the main

panel shows a -lnT increase in ρ(T ). The inset shows the absolute

resistivity of YbIr3Ge7 with µ0H = 0 and 9 T. . . . . . . . . . . . . . 73

5.3 (a) Inverse magnetic susceptibility H/(M −M0) vs. T with the

polycrystalline average, Mavg = (M001 + 2M100)/3 (purple line) and

Curie-Weiss fits between T = 400 - 600 K (solid black lines) (b)

Temperature-dependent ac magnetic susceptibility χ′ with Hac along

[001] (blue open symbols) and along [100] (red closed symbols) with

different applied static fields H applied also along [100]. . . . . . . . . 75

5.4 (a) H = 0 specific heat of YbIr3Ge7 (red symbols and line) and

LuIr3Ge7 (black line) (b) Magnetic entropy of YbIr3Ge7 with Smag

=
∫ T

0

Cmag
T

dT , where Cmag = CP (YbIr3Ge7)− CP (LuIr3Ge7). . . . . . 76

5.5 (a) Room temperature powder x-ray diffraction pattern for YbIr3Ge7

(black symbols) together with the calculated pattern (red line), their

difference (violet line), and calculated peak positions (blue vertical

lines) using space group R3̄c. Inset shows the coordination

environment of the Yb ions (orange) with neighboring Ge atoms

(blue), where the trigonal 3̄ symmetry of the Yb ion is emphasized. . 79

5.6 The ordering temperature TC (vertical dashed line) for YbIr3Ge7

determined from peaks in CP (H = 0, black circles, left axis), a

minimum in dM/dT (µ0H = 0.1 T, red triangles, right axis), and

dρ/dT (H = 0, blue squares, far left axis). . . . . . . . . . . . . . . . 81



xv

6.1 Powder x-ray diffraction (black symbols) of a doped single crystal of

Eu(Ga1−xAlx)4 with x = 0.50 indicates that this crystal (and all

crystals in this doped series) crystallizes in the I4/mmm space group

with no significant flux inclusion or impurity phases. The red line is

the diffraction pattern calculated from Rietveld refinement and the

blue ticks are the calculated peak positions. The orange line is the

difference between the measured points and the calculated diffraction.

The left inset is a picture of a crystal with each square = 1 mm x 1

mm, and the right inset shows the tetragonal crystal structure. . . . . 87

6.2 Temperature-dependent magnetic susceptibility data with (a) H‖ab

and (b) left: H‖c. Right: Peaks determined from d(MT )/dT were

used to indicate TN and spin reorientation transition temperatures.

At high temperatures, (c) left: (M −M0)/H for x = 0.50 with closed

symbols representing H‖ab and open symbols representing H‖c.

Right: the inverse magnetic susceptibility of the polycrystalline

average indicates that these crystals show Curie-Weiss behavior and

fully divalent Eu ions. . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.3 Field-dependent magnetization curves for (a) H‖ab and (b) H‖c show

multiple metamagnetic transitions that are anisotropic. An example

of a metamagnetic transition in this series is shown in (c) with an

example of how critical fields were determined using peaks from

dM/dH vs. H. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.4 Specific heat measurements confirm multiple magnetic transitions

and a first-order phase transition in EuAl4.The inset shows no

evidence of mass renormalization in this system from CP/T vs. T 2. . 92

6.5 Temperature-dependent resistivity scaled by ρ300. Anomalies in x =

0.50 and 1 are consistent with CDW-like behavior. Inset: Absolute

resistivity values at low temperatures. . . . . . . . . . . . . . . . . . . 94



xvi

6.6 (a) Left: Increasing x corresponds to a non-monotonic change in TN

(orange circles) that could be associated with changes in lattice

parameters a and c. Right: RRR values (purple down triangles)

calculated from resistivity measurements show the low amount of

disorder in the end compounds and the decreased disorder in x = 0.50

compared to other doped compounds in the series. (b) Left: Lattice

parameters a (black squares) and c (red triangles) as a function of

doping fraction x indicating a linear change in c and a non-linear

change in a with increasing x resulting in a local minimum. Right:

Unit cell volume V (blue diamonds) as function of x. (c) Left: Bond

distances between atoms located at the M(1)−M(2) (red left

triangles) and M(2)−M(2) (black hexagons) crystallographic sites

remain constant up to x = 0.50 but increase from x = 0.50 to 1.

Right: The tetrahedral bond angle between M(1)−M(2)−M(1)

atoms (blue open circles) decreases up to x = 0.50 and remains

constant from x = 0.50 to 1. All dashed lines are guides to the eye. . 96

6.7 Powder x-ray diffraction of EuAl4 performed at 300 K (red line) and

93 K (black line). This indicates that the tetragonal space group is

preserved above and below the CDW-like transition, and the anomaly

in resistivity is not caused by a structural phase transition. Gray bars

indicate large background peaks from the metal sample holder and

stars indicate the presence of small amounts of Al flux. . . . . . . . . 99

6.8 Experimental Eu M5,4-edge spectra of Eu(Ga1xAlx)4 and

configuration interaction calculation in the atomic limit for Eu2+. Ga

L3,2-edge features emerge with decreased values of x. . . . . . . . . . 101



xvii

6.9 Lattice parameters from powder x-ray diffraction of SrGa4, SrAl2Ga2,

and SrAl4 single crystals. Trends seen here are consistent with trends

observed in the Eu analogs, indicating that the nonlinear change in a

is associated with the Ga-Al sublattice. . . . . . . . . . . . . . . . . . 102

6.10 Band structure calculations for SrGa4, SrAl2Ga2, and SrAl4. Sr2+ is

used as a substitute for Eu2+ to avoid complications arising from

unpaired 4f electrons. . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7.1 (a-c) Powder x-ray diffraction at 300 K for Eu1−xAxGa4 with one

composition for each A featured in the main panel where A = (a) Ca,

(b) Sr, or (c) La. The inset focuses on the change in 2θ for the (015)

Bragg peak as x increases in each substitutional series. (d) Powder

x-ray diffraction performed at 90 K for Eu1−xCaxGa4 with x = 0.45

as an example of the structural phase transition from the tetragonal

I4/mmm to monoclinic C2/m space group as the sample was cooled

below room temperature. . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.2 H = 0 temperature-dependent resistivity scaled by ρ300. Insets show

absolute resistivity values at low temperature to emphasize the loss of

spin disorder scattering at the antiferromagnetic ordering temperature. 112

7.3 Temperature-dependent magnetic susceptibility M/H measurements

for Eu1−xAxGa4 with A = Ca (a), Sr (b) or La (c). All measurements

were performed with µ0H‖ab = 0.1 T. Insets in each main panel show

the inverse magnetic susceptibility calculated using the

polycrystalline average of the magnetization for all doping fractions. . 114

7.4 Field-dependent magnetization measurements with H‖ab (a-c) and

H‖c (d-f). All measurements were performed at 1.8 K. . . . . . . . . 115



xviii

7.5 Temperature-dependent specific heat measurements with H = 0 for

Eu1−xAxGa4 where A = (a) Ca, (b) Sr, or (c) La. When A = Sr and

x = 0.38, a double-peaked phase transition can be observed ∼5 K. . . 117

7.6 (a) Left axis, stars: The critical temperature T ∗ of the structural

phase transition from the tetragonal to monoclinic crystal system in

Eu1−xCaxGa4. (a-c) Left axis, open symbols: The antiferromagnetic

ordering temperature TN of the Ca, Sr or La substitutional series as a

function of the doping fraction x. Right axis, closed symbols: (a-c)

The volume of the tetragonal unit cell at 300 K as a function of the

doping fraction x. Unit cell volume at 300 K was determined using

powder x-ray diffraction refinements. . . . . . . . . . . . . . . . . . . 120



Tables

2.1 Reported compounds with charge density waves. . . . . . . . . . . . . 28

3.1 Parameters for laser pedestal floating zone growth of YbIr3Si7,

GdIr3Si7, and TbIr3Si7 . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1 Crystallographic parameters of YbIr3Si7 single crystals at T = 173 K

(R3̄c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2 Dimensions d and L for the sample used in thickness-dependent

resistivity measurements. . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.1 Crystallographic parameters of YbIr3Ge7 single crystals at T = 299 K

(R3̄c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.2 Atomic positions, Ueq values, and occupancies for single crystals of

YbIr3Ge7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.1 Crystallographic data for single crystals of Eu(Ga1−xAlx)4 (space

group I4/mmm). Values for x were determined from EMPA. . . . . . 104

6.2 Summary of magnetic and transport properties in Eu(Ga1−xAlx)4. . . 105



xx

6.3 Analysis of the electron distribution extracted from the integrated

density of states up to EF provides insight into the polarization of the

Ga-Al bonds. In contrast to both end members, in SrAl2Ga2 there is

increased charge transfer to the M(2) site. This charge transfer

manifests only when M(1) = Al and M(2) = Ga, implying an

enhanced polarization in the M(1) - M(2) covalent bonds in SrAl2Ga2. 106

7.1 Crystallographic parameters obtained from single crystal x-ray

refinements for Eu1−xAxGa4 when A = Ca, Sr, or La.

Thermodynamic data obtained from resistivity, magnetization, and

specific heat measurements. . . . . . . . . . . . . . . . . . . . . . . . 121



1

Acknowledgements

There are many people to whom I would like to extend my most sincere gratitude

for their vital roles in the completion of this thesis. I would like to thank Rice

University, in particular the departments of Chemistry and Physics, for creating a

home for the graduate community and ardently supporting our research progress. I

am very grateful to my advisor Emilia Morosan for taking me into the group and

providing me with support and opportunity to advance our scientific goals, and for

turning me into a chemist who can do physics. I would like to thank my thesis

committee Kenton Whitmire and Jason Hafner for serving on my committee and

contributing to campus livelihood and research excellence at Rice. Next I would like

to extend many thanks to the laboratory research scientist Chien-Lung Huang, who

has crafted me into an experimentalist and an instrument technician by busting open

many pieces of equipment with me. I am deeply indebted to my current and former

colleagues Jesse Choe, Jaime Moya, Long Qian, Yuxiang Gao, Spencer Kawachika,

Roberto Carcamo, Alannah Hallas, Binod Rai, Vanessa Espinoza, Kyle Bayliff, Jessica

Santiago, Chih-Wei Chen, Eteri Svanidze, Errol Jordheim, Jordan Murley, and Chris

Georgen for their vital training, teamwork, and input throughout the course of my

research. Thank you all for helping to keep the lab running and setting our standards

high. I couldn’t ask for a better group of colleagues, drinking buddies, and friends.

The completion of my research projects would not be possible without the collab-

oration of phenomenal scientists from around the world. I would like to extend my

deepest thanks and appreciation to:

Tyrel McQueen, Adam Phelan, Nicholas Ng, and the team at the PARADIM

bulk crystal growth facility at Johns Hopkins University for their role in growing and



2

characterizing RIr3Si7 crystals and for hosting me during my two visits there.

Susan Kauzlarich, James Fettinger, Joya Cooley, Kasey Devlin, and Christopher

Perez at UC Davis for hosting me and training me in single crystal x-ray diffraction.

Vaideesh Loganathan, Andriy Nevidomskyy, and Chris Hooley for their invaluable

theoretical input on YbIr3Si7.

Vivien Zapf, Franziska Weickert, Marcelo Jaime, and Luis Balicas for their assis-

tance performing high-field magnetization measurements at the National High Mag-

netic Field Lab and hosting me at Los Alamos National Lab.

Manuel Brando, Dmitry Sokolov, Daniel Hafner, and Jacintha Banda at the Max

Planck Institute for the Chemical Physics of Solids for their contributions and part-

nership in our various 1-3-7 projects.

Julia Chan, Iain Oswald, and Katherine Benavides at UT Dallas for their single

crystal diffraction expertise in our 1-3-7 projects.

Jeffrey Lynn and Qingzhen Huang at NIST for their vital neutron experiments on

YbIr3Si7 and YbIr3Ge7.

The organizers of the CIFAR Quantum Materials Summer School, where I greatly

benefited from the community and expertise brought together through the workshops

and conferences.

All of the scientists and researchers at Rice who have trained me in various tech-

niques and contributed valuable data analysis, particularly Gabi Costin and Jianhua

Li.

My sincerest gratitude goes to my sources of research and travel funding: the

Gordon and Betty Moore Foundation EPiQS initiative through grant GBMF 4417

and a QuantEmX grant from ICAM and the Gordon and Betty Moore Foundation

through Grant GBMF5305.

The departments of Chemistry and Psychology at the University of Texas at

Austin for providing me with an excellent undergraduate education and research

mentorship through Simon Humphrey and Theresa Jones. Hook ’Em.



3

Lastly, I would like to thank my personal sources of inspiration that have gotten me

through each day of research, including my endlessly encouraging family, Mom, Dad,

Nikki, Warren, Augie, and Abigail, and friends who have been with me throughout

the years. Thank you Steve for going through this journey with me and for putting up

with me every day. Thank you to Rice Coffeehouse for waking me up each morning

and to Valhalla for bringing everyone together in the evening. Thank you Dudley and

Bob + Matt for keeping me going through the day.



4

Chapter 1

Introduction

1.1 Motivation

Historically, metals and intermetallic compounds have received far less attention

from the chemistry community relative to the extensive work performed on small

molecules and nonmetallic compounds. This discrepancy evolved despite the fact

that intermetallic compounds have a rich and diverse profile of chemical bonding,

crystallography, and physical properties that are recognized for their tremendous

technological and practical importance. To meet the need for innovation, discovery,

and fundamental understanding of intermetallic compounds, the goal of the solid state

chemistry community is to apply interdisciplinary approaches from chemists, materi-

als engineers, and physicists to dive deeply into the structure-function relationships

of these compounds and untangle their complex chemical bonding interactions and

tunable physical behaviors applicable to next-generation electronics, energy gener-

ation and storage, medical devices, and sensors. In particular, we seek to use this

information to rationally design new crystalline materials with targeted properties

and grow crystals located in previously unattainable regions of the phase diagram

using unconventional growth techniques.

The purpose of the research outlined in this thesis is to grow new stoichiometric

intermetallic compounds or substitutional series containing rare earth (La-Lu) ele-

ments. Most rare earth ions contain magnetic moments that sometimes order at low

temperatures in surprising and unconventional ways that existing theories have yet

to describe. Furthermore, the highly localized nature of f orbitals presents the op-

portunity for interactions between electronic correlations and the magnetic moments.



5

By probing these interactions and explaining them in relation to the crystal structure

and chemical identity of each constituent atom, we can shed light on the quantum

mechanical interactions present in crystalline materials and how these interactions

influence the observed physical behaviors.

1.2 Outline

This thesis will serve as a launch point for anyone to carry on the research detailed

here or similar work. It is presented with a particular slant towards the chemistry

aspects of each topic. The background provided in Chapter 2 will give a concise in-

troduction to valence fluctuations and the Kondo effect, which are relevant to studies

of Yb-based intermetallics. Particular focus will be given to Kondo insulators and

topological surface states, as these topics will be especially useful for continuing work

on RIr3Si7. Next, the crystallographic background of the BaAl4 structure type will be

described in detail. This crystal structure serves as a template for studying structure-

function relationships because of its ubiquitous occurrence across over 400 compounds

with properties ranging from unconventional magnetic order to heavy fermion super-

conductivity. Members of this structure type presented here include Eu(Ga1−xAlx)4,

and the discovery of charge density waves in EuAl4 and EuAl2Ga2 was surprising due

to their 3D crystal structure. Thus, a short review on charge density waves in 3D

structures will be discussed.

The methods section will be a practical tutorial on how to pursue further floating

zone growths at PARADIM bulk crystal growth facility at Johns Hopkins University.

This section is very detailed and contains critical information about previous trips to

grow RIr3Si7 using the floating zone furnace at PARADIM. Single crystal diffraction

is discussed and my recommendations are given regarding how to continue using the

Rigaku SCXmini diffractometer at Rice. Compositional analysis obtained from Rice’s

electron probe microanalyzer is described, and I will illustrate how its capabilities to

determine phase inhomogeneities and doping fractions have proven to be useful for
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the research presented here.

Chapters 4 and 5 introduce the growth and characterization of YbIr3Si7 and

YbIr3Ge7, respectively, and report their unique combination of physical properties.

YbIr3Si7 is notable for its insulator-like resistivity with conductive surface states at

low temperature, along with long-range antiferromagnetic order and Kondo correla-

tions. This ensemble of interactions renders YbIr3Si7 a candidate compound for the

Kondo exhaustion scenario. YbIr3Ge7, on the other hand, it a poor metal with ferro-

magnetic order along the crystal electric field hard axis. In Chapters 6 and 7, doping

in either the magnetic or nonmagnetic sublattice in EuGa4 is examined with respect

to the effect doping has on long-range magnetic order, crystallographic structure, and

electrical transport.
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Chapter 2

Background

2.1 Valence State in Rare Earth Ions

2.1.1 Non-interacting Magnetic Moments in Intermetallic Compounds

Intermetallic compounds containing rare earth (La - Lu) ions exhibit an impres-

sive range of physical properties determined by the valence state of the rare earth

ions. Identifying the valence state of the rare earth ions is essential for predicting

and understanding the magnetic interactions, crystal electric field effects, and Kondo

correlations in a given compound. One way to gain insight into the valence state of

these magnetic ions is to measure their magnetization in the paramagnetic regime.

At high temperatures, the thermal energy will dominate any long-range magnetic

correlations in the compound and the non-interacting spins on each magnetic ion will

follow temperature-dependent behavior dictated by the Curie law. Thus, magnetiza-

tion measurements performed over a range of high temperatures can be used to probe

the bulk valence state of a magnetic rare earth ion in an intermetallic compound. At

low magnetic fields and high temperatures, the Curie law [8] states that

χ ≈ C

T
(2.1)

where the magnetic susceptibility of a material χ is equal to ∂M
∂H

, and M is the

magnetization, H is the applied magnetic field, T is the temperature, and C is the

Curie constant for the given ion. The Curie constant is expressed by

C =
p2
eff

8
(2.2)
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with peff signifying the effective magnetic moment per ion. Because χ is inversely

proportional to T , plotting χ−1 with respect to T yields a linear relation

χ−1 =
8

p2
eff

T. (2.3)

Thus, the slope of χ−1(T ) provides the experimentally determined value of peff . We

can compare this to the calculated value

peff = gJ
√
J(J + 1) (2.4)

where gJ(S, L, J) is the Landé g-factor, which depends on the S, L, and J quantum

numbers corresponding to spin, orbital, and total angular momentum, respectively,

as determined by Hund’s rules for orbital filling. Since peff can be calculated for

each valence state of a rare earth ion by applying Hund’s rules to determine S, L,

and J for each possible valence state, a comparison between the experimental and

calculated peff allows for a determination of the ion’s valence state. Additionally,

this method can determine a fractional valence when the rare earth ions collectively

possess a ratio of two different valence states.

To determine the effect of an ion’s valence on the physical properties in a com-

pound, its values of S, L, and J must first be known. Using Hund’s rules of orbital

filling, S is maximized while obeying Pauli’s exclusion principle. In Eu2+ for exam-

ple, the valence electron configuration is 4f 7 and S = 7
2
. These electrons fill orbitals

with maximum L to minimize Coulomb repulsion. In the case of Eu2+, L = 0. Since

the shell is half full, J = L + S and J = 7
2
. By comparison, Eu3+ has a valence

configuration of 4f 6 with S = 3 and L = 3. Because the shell is less than half full

and J = |L - S|, J = 0. This renders Eu3+ nonmagnetic, and its contribution to

the magnetization of a compound is described by van Vleck paramagnetism, where

excited states of J add a small, temperature-independent component to the magnetic

susceptibility. [8] The different valence states are also accompanied by differences in

ionic radii between the two ions, for example 1.17 Å for Eu2+ and 0.947 Å for Eu3+
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[9], which can affect the chemical properties and structural stability of a system.

2.1.2 Valence Fluctuations between the Bulk and Surface

A significant body of research has shown that in some rare earth intermetallic

compounds, the valence state of the rare earth ion is different at the surface of the

crystal compared to the bulk. [10, 11] Rare earth ions that have been observed to

undergo valence fluctuations in a lattice include Ce, Sm, Eu, Tm, and Yb. The pos-

sible electronic configurations of these elements are 4fn5dx6s2 or 4fn−15dx+16s2 (x =

0 or 1), where the proximity to the Fermi level EF usually results in the delocaliza-

tion of the 5d and 6s electrons in the conduction band. When these two electronic

configurations lie close in energy to each other, an applied or intrinsic constraint can

invert these energy levels relative to each other, and a 4f electron can be promoted to

the 5d shell. Alternatively, valence fluctuations can be described by the Fermi level

lowering in energy relative to the f band and crossing it, which results in the f band

pouring electrons into the conduction band. [12] The number of 4f electrons dictate

the valence state of the ion.

One example of a constraint is pressure, where physical pressure can be applied

in a compound to create positive pressure, or chemical pressure can be an intrinsic

property of a compound based on the configuration of neighboring atoms. Chemical

pressure can be positive, for example, if a substitution in the chemical formula causes

the unit cell to shrink. Conversely, chemical pressure can be negative at the surface

of a crystal where the absence of neighboring unit cells allows electronic orbitals to

span a larger volume of space. The prevalence of lower valence states in the surface

relative to the bulk in rare earth compounds can also be explained by the decreased

availability of coordination bonding with neighboring atoms at the surface, when

it becomes less energetically favorable to excite a 4f electron to the Fermi level and

increase the charge of the rare earth ion. [13] The phenomenon of valence fluctuations

between the surface and bulk of a crystal has been shown to occur in Yb compounds
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such as YbAs and YbAl3 [14], Ce compounds including CePd7 [15], Sm compounds

SmS6 and SmB6 [16, 17], and Eu intermetallic compounds EuPt5, EuPd5, and EuRh2.

[18]

Spectroscopic techniques such as x-ray absorption spectroscopy (XAS) or x-ray

absorption near edge structure (XANES) have been successfully used to directly mea-

sure the valences present in the bulk. [19, 20] XAS excites core electrons into pho-

toelectrons upon application of an incident x-ray beam, and a higher-energy electron

will decay to fill the core-hole and release a photon. The energy of the absorbed x-ray

and the energy of the emitted photon are highly dependent on the chemical identity

and valence state of the ions present in the sample. XANES focuses specifically on

the x-ray absorption spectrum in the vicinity of the absorption edge which can better

quantify mixed-valence systems, along with providing information about crystallinity,

oxidation kinetics, ligand coordination, and fingerprint identification of a substance.

To examine the valence state at the surface of the crystal, x-ray photoelectron

spectroscopy (XPS) is typically used. Because the probe depth of XPS is under 10

nm, it is well-suited to measure a large portion of the surface valence contribution

relative to the bulk. Unlike XAS, which probes the bulk by measuring absorbance of

the incident radiation, XPS detects the kinetic energy of the excited photoelectrons,

which only escape from the first few nanometers of a sample.

2.2 Kondo Insulator Compounds

2.2.1 The Kondo Effect

A wealth of fundamental research in condensed matter sciences has been built on

the interactions between valence and conduction electrons in rare earth intermetallic

compounds. One such interaction is the Kondo effect, which was first observed as an

upturn in resistivity upon cooling samples of gold with magnetic copper impurities.

Jun Kondo explained this increase in resistivity in 1964 as the conduction electrons

scattering off unpaired electrons in the d shells of the copper impurities. [21, 22] In
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addition to compounds containing unfilled d shells, the Kondo effect occurs in some

Ce-, Pr-, Sm-, and Yb-based metals containing magnetic ions with unfilled f shells

that have the advantage of highly localized magnetic moments. The elastic scattering

that occurs between the conduction electrons and unfilled f orbitals is the result of

spin-exchange interactions where the total spin is conserved. This spin-exchange

scattering increases as the coupling between the electrons is enhanced with cooling

and carries the experimental signature of -lnT behavior in the resistivity. Below the

Kondo temperature TK, the conduction electrons fully screen the local moment of

the ion and form a Kondo singlet state that behaves as a quasiparticle. Conduction

electrons scatter from this quasiparticle and the observed resistivity of the sample

increases as the temperature is lowered. [1, 23]

When this single-ion Kondo impurity model is expanded to cover a sublattice of

magnetic rare-earth ions, the periodic array of Kondo singlets brings translational

symmetry to the scattering of the conduction electrons and a Kondo lattice develops.

In a Kondo lattice, the scattering waves develop coherence and take the periodicity of

the magnetic lattice, resulting in a drop in resistivity after the initial rise in resistivity

below TK. The development of a Kondo singlet and its expansion to a Kondo lattice

is shown in Fig. 2.1. For the formation of Kondo singlets and a Kondo lattice to

occur, the f -band hybridizes with the conduction band and renormalizes the effective

masses of the conduction electrons, which can make them appear “heavier”. A con-

sequence of increased electronic interactions at low temperatures is that competition

arises between different energy scales, namely the tendencies of conduction electrons

to either hybridize with unfilled f shells or to be polarized by the spins of the magnetic

ions and mediate their magnetic coupling. In a Kondo lattice scenario, the dominant

energy scale TK is proportional to exp(- 1
Jex g(EF )

) where Jex is the spin-exchange cou-

pling and g(EF ) is the density of states at the Fermi level. As the temperature lowers

below TK, the polarization of the conduction electrons promotes an indirect exchange

between rare earth ions that can give rise to long-range magnetic order. The energy of
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Figure 2.1 : A magnetic ion with a moment represented by a large arrow is screened
by the spins from conduction electrons shown as small arrows inside a purple electron
cloud, forming a Kondo singlet that becomes a scattering center in a metal (left).
When the singlets gain periodicity as the temperature is lowered, the scattering be-
comes coherent and the resistivity decreases as a Kondo lattice develops. Figure
adapted from Ref. [1].
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Figure 2.2 : In a metallic compound containing conduction electrons and rare earth
ions with unfilled f orbitals, the energy scales of the Kondo effect TK (purple dotted
line)and RKKY interactions TRKKY (blue dashed line) depend on temperature, albeit
by a different dependence on the exchange coupling Jex of the system. Because
of this difference, the interactions compete proportionally to their dependence on
Jex to produce an antiferromagnetically ordered (AFM) ground state (red line) or a
disordered paramagnetic (PM) ground state.
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Figure 2.3 : In a Kondo insulator compound, the d and f orbitals do not hybridize
at high temperature and the d orbitals contribute electrons to the conduction band.
When the temperature is lowered below TK, hybridization between the d and f bands
results in band renormalization that opens a gap at the Fermi level and gives rise to
an insulating ground state. Figure adapted from Ref. [2].

this indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interaction, TRKKY,

is proportional to J2g(EF ) and competes with TK in a manner that is highly tunable

to adjust the dominant quantum mechanical interactions governing the ground state

physical properties of the system. [24] The balance of energy scales and the compe-

tition between an antiferromagnetic (AFM) ground state and a paramagnetic (PM)

ground state is shown in Fig. 2.2.

2.2.2 Kondo Insulators

One simple yet relatively rare type of Kondo lattice is the Kondo insulator. When

a Kondo lattice forms, the band renormalization occurring from strong electron cor-

relations opens a hybridization gap as the f -electron and conduction electron bands

hybridize. In a Kondo insulator, the gap opens at the Fermi level and the insulating

behavior in the resistivity can be modelled by an activated Arrhenius exponential

function ρ ∝ exp( −∆
kBT

), where ρ is the resistivity, ∆ is the band gap, kB is the Boltz-

mann constant, and T is the temperature.

SmB6 is the first canonical Kondo insulator and has been intensively studied since
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its discovery in 1969. [25] This compound is characterized through its combination

of unusual combination of physical properties, including its resistivity profile that

increases by ∼ 4 orders of magnitude upon cooling, temperature-dependent valence

transitions on the Sm ion, and a plateau in the low-temperature resistivity consistent

with the emergence of conductive surface states. The origin of these conductive

surface states is the motivation of the scrutiny SmB6 has commanded. [26, 27] Over

a dozen additional Kondo insulators have been discovered, including YbB12 [28, 29],

UFe4P12 [30], and Ce3Bi4Pt3 [31]. YbB12 is notable as the only reported Yb-based

Kondo insulator to date and for the surprising revelation of quantum oscillations

in resistivity and magnetization measurements, which are not expected to appear

in nonmetals. [32] UFe4P12 and CeOs2Al10 are two of the few Kondo insulating

compounds to show magnetic order in the rare earth sublattice, which is unexpected

due to the lack of conduction electrons available to promote RKKY interactions in the

insulating state. [33, 30] While Ce3Bi4Pt3 has been heavily studied for its tunability

using substitution or high pressure and for its conductive channels at low temperature,

they were found to be hosted by the bulk of the crystal in contrast to the surface states

of SmB6. [31, 34] Less studied compounds suggested to be Kondo insulators include

CeFe4P12 [30], CeRu4Sn6 [35], and FeSi [36]. While all reported Kondo insulator

compounds share the feature of diverging resistivity across a low-temperature region,

the similarities end here. All other governing interactions such as crystal electric field

effects, TK, TRKKY, and crystal structure elude theoretical prediction.

2.2.3 Topological Kondo Insulators

In 2010, interest in Kondo insulators skyrocketed after a theoretical prediction that

the conductive surface states in some cases could arise from topological protection.

[37] Topological phases were the subject of the 2016 Nobel Prize in Physics and

have generated enormous attention because of their exotic physical states and their

potential use in applications such as spintronics or quantum computing because of
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their robust conductive surface states. [38]

In a topological insulator scenario, strong spin-orbit coupling in heavier elements

breaks the degeneracy of the electronic spins in a gapped insulator. [39, 40] In a Kondo

insulator, the f orbitals forming the valence band have an odd parity and the d orbitals

forming the conduction band have an even parity. This strong spin-orbit coupling

and bands with opposite parities results in the surface valence and conduction bands

“crossing” in energy and intersecting the Fermi level, forcing conduction along the

surface (Fig. 2.4). The band crossing at the Fermi level coincides with a “twist”

in the topology of the wave function, and an odd number of twists is required for

a strong topological insulator. As long as the spin of an electron is not flipped,

backscattering of the electron cannot occur. The spin is protected from flipping by

time reversal symmetry, which can be broken by the application of a magnetic field

or the presence of magnetic ions. As long as time reversal symmetry is preserved,

the electrons at the surface are forced to be in a conductive state protected from

backscattering events. The band crossing at the Fermi level forms a Dirac cone with

spin-momentum locked surface states. Since time reversal symmetry prevents any

spin-flips in a conduction electron, scattering interactions that change its momentum

are forbidden. The Dirac cone can be visualized experimentally using angle-resolved

photoemission spectroscopy (ARPES) as proof of a topological insulating state.

In the case of Kondo insulators, topological order is predicted to be favorable

in some systems because (1) the spin-orbit coupling is much larger than the energy

of the hybridization gap and (2) the f -orbitals are odd parity while the d-orbitals

are even parity, which is required to form topologically protected Dirac cones. The

most promising candidate for a topological Kondo insulator is SmB6, and its ex-

tensive ARPES studies remain controversial. [41, 2, 42, 43] These measurements

conclusively show the presence of conductive surface states, and furthermore, they

rule out sources of trivial surface conduction such as polarity-driven states or dan-

gling bonds. However, direct observation of Dirac cones could not be established in
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Figure 2.4 : Trivial band insulator (left) and a topological insulator (right) where
strong spin-orbit coupling causes a band inversion at the surface of the material.
This crossing is allowed when the conduction and valence bands have opposite pari-
ties indicated by + and -, as is the case in Kondo insulators. Time reversal symmetry
prevents spin-flips in the conduction electrons, so a scattering event causing the mo-
mentum of a conduction electron to change from positive to negative is forbidden.
This band crossing can be visualized experimentally as a Dirac cone (far right) with
the spins at higher energy exhibiting a different chirality than the spins at lower
energy. Figure adaped from Ref. [3].
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these studies because the signal intensity drops off below the hybridization gap edge.

While the experimentally measured surface bands agree with the predicted bands

for a topologically nontrivial surface state, spin-resolved ARPES measurements are

needed to confirm the surface spin texture of a topological Kondo insulator. This

measurements remains challenging because the energy of the Kondo hybridization

gap is much smaller than the energy resolution of any current spin-resolved ARPES

measurement conditions, rendering the detection of spin textures resolution-limited.

2.3 Structure-Function Relationships in the BaAl4 and ScRh3Si7

Structure Types

2.3.1 Crystallography and Bonding in BaAl4-type Compounds

Over 400 compounds hosting the BaAl4 have been reported [44], and many of

them display the emergence of physical phenomena including heavy fermion behav-

ior, unconventional superconductivity, charge density waves, quantum criticality, and

unconventional magnetic order. In addition their remarkable physical properties, the

crystallography of these compounds is composed of a rich combination of ionic, cova-

lent, and metallic bonding that it intricately tied to their observed behaviors. Thus,

the BaAl4 template serves as a useful prototype to explore the structure-function

relationship and the tunability among this class of compounds.

The BaAl4 structure type has been described as a polar intermetallic family of

compounds with divalent rare earth or alkaline earth elements surrounded by a net-

work of atoms typically from Group 13 or 14 in an anionic sublattice, with examples

being EuGA4 and Eu4 reported in this thesis. This anionic sublattice contains two

distinct crystallographic sites, making the chemical formula Ba(Ala)2(Alb)2. The Alb

atoms are referred to as the basal atoms because they form a flat net of squares that

make up a basal plane while the Ala atoms “cap” each square to form the apex of a

square pyramid. The apices of the square pyramids alternate in an up-down fashion,
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which forms a hollow cage-like feature in the middle of each tetragonal unit cell where

the cation is hosted. The distance between the Alb-Alb atoms of the basal plane is

too large for significant bonding to occur between these atoms; however, the distance

between the AlaAla and AlaAlb atoms is short enough to be described as a series of

covalent bonds in a tetragonal array. The crystal structure for BaAl4 is given in Fig.

2.5, where the bonding of the anionic network between Ala and Alb is emphasized,

along with the calculated charge distribution between the crystallographic sites. The

bonding arrangement in this anionic sublattice has been thoroughly described and

yields strong predictive power for determining the identities of compounds that form

in this structure type and the hybridization of their s and p orbitals. [44, 45, 46]

To understand the bonding picture, Zheng and Hoffmann [44] performed band

structure calculations on the BaAl4 structure type beginning with the assumption

that the anionic charge on the Al sublattice is equal to the cationic charge on the

Ba sublattice. This assumption is valid considering that the strong disparity in elec-

tronegativity between the elements in each sublattice imparts an ionic component to

the crystal structure. By counting the number of valence electrons per formula unit,

they determined that BaAl4 contains 14 valence electrons. If we apply Zintl electron

counting rules to this compound which assume each covalent bond in the formula unit

has one bound electron per atom, we would obtain an electron count of 18, which

indicates that some of the covalent bonds in this compound are electron-deficient

and the Zintl electron counting scheme does not apply in this case. We instead have

electron deficient bonding that requires band structure calculations to account for

hybridization and delocalization of the s and p orbitals.

Band structure calculations revealed three key points about the anionic sublattice.

First, a valence electron count greater than 14 destroys the covalent bonding between

Al atoms as antibonding orbitals become populated, which explains why compounds

with more valence electrons form an alternative crystal type, such as the CeMg2Si2

type. Next, calculated charges on Ala and Alb are -0.86 and -0.14 respectively, indi-
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Figure 2.5 : Crystal structure of BaAl4 showing the covalent bonding between Ala-Ala
atoms and between Ala-Alb atoms. The Ba cations are encased in the anionic network
by a coordination number of 16. The charge distribution on each atomic site is shown
with +2.00 on the Ba cation, -0.86 on Ala, and -0.14 on Alb.
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cating that site preference is expected when a substituent atom replaces Al. Atoms

that are isoelectronic and more electronegative than Al will preferentially substitute

the apical, Ala site. Lastly, greater charge distribution on the Ala site accurately

explains the short covalent bond between Ala atoms, as these atoms now have one

bonding electron per atom. Additionally, the bonding between the Ala and Alb sites is

electron-deficient and can be described by a five-center six-electron scenario in which

six electrons are shared among five atoms (and four covalent bonds) to form a hy-

bridized bond corresponding to each square pyramid. The crystal structure of the

BaAl4 structure type is completed by adding in the divalent cation to the pores in the

Al sublattice, where a Madelung constant is subtracted from the overall lattice en-

ergy through the electrostatic interaction of the oppositely charged sublattices. The

cation is surrounded by a polyhedron permitting a coordination number of 16. [45]

Cations with smaller ionic radii such as Ca2+ are ill-suited for placement inside this

polyhedron and result in a distortion to the monoclinic C2/m space group, possibly

due to the inability of a smaller ion to obtain a coordination number of 16.

2.3.2 Crystallography in ScRh3Si7-type Compounds

The discoveries of two new compounds in the ScRh3Si7 structural family, YbIr3Si7

and YbIr3Ge7, are reported in Chapters 4 and 5. This structural family crystallizes in

the R3̄c space group, which falls into the rhombohedral crystal system characterized

by three-fold rotational symmetry with an inversion center and a glide plane along the

c axis. By convention, this unit cell is typically oriented in the equivalent hexagonal

unit cell setting shown in Fig. 2.6, with [100] corresponding to the a axis and [001]

corresponding to the c axis of the hexagonal unit cell.

The symmetry elements and substructures defining the R3̄c space group are pic-

tured in Figs. 2.7 and 2.8. These figures highlight the various features of the coor-

dination environment of the Yb ions, including the three-fold rotational axis with an

inversion center and a cuboid substructure. In the full unit cell, chains of Ge7 double
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Figure 2.6 : A rhombohedral unit cell shown in the equivalent hexagonal unit cell
setting. Figure reproduced with permission from Ref. [4].
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Figure 2.7 : (Left) The the trigonal 3̄ symmetry of the Yb ions (orange) is emphasized
in the coordination environment of neighboring Ge atoms (blue). (Right) The rare
earth sublattice of the R3̄c structure is shown as stacked planes of rotating equilateral
triangles. A cuboid substructure is indicated by thick lines. Red arrows indicate spins
from the magnetic Yb3+ ions in one possible magnetic structure configuration.

tetrahedra and stacks of YbIr6 octahedra run parallel to c.

2.3.3 3D Charge Density Waves

Correlations between the crystal lattice and the electronic structure is the basis

for many of the exotic ground states that emerge from metals. One such ground state

is a charge density wave, where a periodic distortion in a lattice results in clusters

of redistributed charge from the conduction band, as illustrated in Fig. 2.9. [5, 6]

This new periodicity opens a gap at the Fermi energy and removes electrons from

the conduction band, which must offset the energy penalty of Coulomb repulsion

acquired by the lattice distortion. Typically, charge density waves are observed in
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Figure 2.8 : Unit cell of YbIr3Ge7 with some Ir and Ge atoms omitted for clarity.
This structure features chains of YbIr6 octahedra and Ge7 double tetrahedra. YbIr6

octahedra are illustrated with silver Ir atoms surrounding red Yb atoms. Blue Ge1
and Ge2 atoms bond to form the Ge7 double tetrahedra.
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Figure 2.9 : (Left) At high temperature, a 1D chain of atoms has a periodicity
with lattice parameter a and an electron density represented by the dashed line.
As the temperature is lowered below TCDW , a distortion with perfect Fermi surface
nesting increases the lattice parameter to 2a and introduces a modulation in the
electron density shown by the dotted line. (Right) The Lindhard response function
for a 1D chain of atoms diverges with perfect Fermi surface nesting at 2kF. In 2D
and 3D models, the number of nesting Fermi surface wavevectors decreases and the
Lindhard response function attenuates. Examples of Fermi surface nesting in 2D and
3D representations are shown on the far right. Figure adapted from Refs. [5] and [6].

low-dimensionality materials. This rearrangement of charge density is related to the

Lindhard response function (χ)q, where (χ)q in a 1D material drastically diverges

with respect to wave vector q when perfect nesting of the Fermi surface occurs at

q = 2kF. Fermi surface nesting is when multiple degenerate sheets of the Fermi

surface separated by q “stack” in parallel. However, this divergence in the Lindhard

response disappears in the 2D model and is further dampened for the 3D model. This

suggest that perfect nesting of the Fermi surface plays a significantly smaller role in

the perturbations of the lattice in 3D systems.

The onset of a charge density wave occurs below a critical temperature TCDW

and typically manifests as an increase in the resistivity upon cooling. Direct evi-

dence of a charge density wave is often reported by showing the periodicity of the
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sublattice using electron diffraction TEM imaging or synchrotron x-ray diffraction.

The first charge density wave was reported in the pseudo-1D compound NbSe3 [47]

and was followed by an explosions of reported 2D charge density wave compounds,

particularly in the copper oxide superconducting compounds [48] and the transition

metal dichalcogenides. [49] However, the number of known 3D charge density wave

compounds remains sparse. Examples of 3D materials hosting charge density waves

include R5Ir4Si10 [50, 51, 52], R2Ir3Si5 [53], RPt2Si2 [54], RTe3 (R = rare earth) [55],

(CaxSr1−x)3Rh4Sn13 [56] and (Ca,Sr)3Ir4Sn13. [57] More recently, EuAl4 [58, 59] and

EuGa2Al2 [60] along with the isostructural compound SrAl4 [61] were proposed as

new examples of 3D charge density wave compounds. As expected from the modest

change in the Lindhard response function for 3D compounds, Fermi surface nesting

is not supported as a contributing factor to the formation of the charge density waves

in these compounds based on calculations of the Fermi surface. Instead, it is neces-

sary to understand phonon-electron or electron-electron coupling interactions and the

phonon dispersion relation to determine the driving force behind the lattice modula-

tions in these systems. A compilation of compounds containing charge density waves

is provided in Table 2.1, with the exception of some organic compounds.

When we juxtapose the periodic lattice modulation among 1D, 2D, and 3D charge

density waves, it is helpful to picture the formation of a superlattice as the period-

icity of the structure expands to encompass multiple unit cells by an integer in a

commensurate charge density wave or by a non-integer in an incommensurate charge

density wave. The physical difference between the commensurate and incommen-

surate scenarios is that in the latter system, the electron density is out of phase

with the lattice modulation. In a 1D lattice, there are the fewest degrees of free-

dom in the translational symmetry of the unit cell, and a commensurate superlattice

can only be twice the unit cell. The lack of more energetically favorable structural

distortions may be one reason why charge density waves readily form in 1D or pseudo-

1D compounds. In 2D materials, the restricted dimensionality limits the occurrence
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of first-order structural phase transitions and simultaneously enhances the opportu-

nities for electron-phonon driven correlations, Jahn-Teller distortions, or electronic

correlations such as excitonic insulator formation to prompt charge density wave be-

havior. It is not surprising that 3D materials are scarcely represented among known

charge density wave compounds since they have the most degrees of freedom in their

translational symmetry and could lower their energy through other structural transi-

tions or phonon-electron coupling interactions that would outweigh any effects from

small periodic distortions and electronic distributions. Thus, 3D charge density wave

compounds could be useful tools for describing the mechanisms and structural pre-

dispositions required to cause electronic redistribution that is persistent and large

enough in magnitude to dominate the physical properties of 3D systems.
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Table 2.1 : Reported compounds with charge density waves.

Compound Reference Compound Reference

1T-TiSe2 [62] Lu5Ir4Si10 [50, 52]

2H-NbSe2, 1T-NbSe2 [63, 64, 65] Er5Ir4Si10 [51]

2H-TaS2, 1T-TaS2 [66, 67] Lu2Ir3Si5 [53, 68]

2H-NbS2 [69] Sm2Ru3Ge5 [70]

1T-TaSe2 [71] YPt2Si2 [54]

2H-TaSe2 [72] LaPt2Si2 [54]

1T-VSe2 [73] NdPt2Si2 [54]

K2[Pt(CN)4]4X0.3 · 3 H2O [74] LuPt2Si2 [54]

(Ta,Nb)S3 [75, 76] (CaxSr1−x)3Rh4Sn13 [56]

Fe0.25Nb0.75Se3 [77, 78] (Sr,Ca)3Ir4Sn13 [57]

NbSe3 [79, 47] Nd2Te5 [80]

TbTe3 [81] Sm2Te5 [80]

NdTe3 [82] Gd2Te5 [80]

PrTe3 [83] (La-Nd,Gd-Tm)2Ir3Sn5 [84]

SmTe3 [85] Er2Ir3Si5 [86]

HoTe3 [87, 81] RNiC2 [88]

GdTe3 [89, 81] EuAl4 [60, 58]

DyTe3 [89, 81] LaTe2Se [90]

CeTe3 [91] KBaAgTe2 [92]

LaTe3 [91] NbTe4 [93]

YTe3 [91] Pb3−xSbxS4Te2 [94]

TmTe3 [81] (K,Rb)0.3MoO3 [95, 96]

ErTe3 [55, 81] K0.9Mo6O17 [97]

(TaSe4)2I [98] (NbSe4)3.3I [99]

Pnictides LaOBiS2 [100]

Manganites Hg2.86(As,Sb)F6 [101, 102]

Cuprates
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Chapter 3

Experimental Methods

3.1 Floating Zone Growth: from BRK 270 to PARADIM

The floating zone growth method has been successfully used under a variety of

extreme conditions to grow single crystals across a diverse range of materials in-

cluding oxides, halides, and intermetallics. [103, 104, 105] In the traditional floating

zone growth technique, a polycrystalline “seed rod” is mounted perpendicular to

the ground and a polycrystalline “feed rod” is loosely suspended above it. Focused

infrared lasers melt the tip of the seed rod, and the feed rod is inserted into the

melt. The resulting liquid region suspended between the polycrystalline rods is the

“molten zone.” The rods are translated slowly downward to crystallize the bottom

of the molten zone into a single crystal and to melt more of the feed rod to sup-

ply more liquid to the molten zone. In a variation of the traditional floating zone

growth technique, a modified approach called the laser pedestal growth technique can

be used. In this modification, the polycrystalline feed rod is mounted perpendicular

to the ground and a twisted wire is suspended above the rod. The lasers melt the

top of the seed rod, and the wire is inserted into the melt. The wire is then pulled

upward, and a single crystal nucleates on the wire and grows from the melt. This

crystal is now the seed rod, and the feed rod is slowly translated upward to feed into

the molten zone. Both rods are counter-rotated to assist in stabilizing the molten

zone and ensure homogeneity. We were able to use laser pedestal growth in a float-

ing zone furnace to successfully grow crystals of (Yb,Tb,Gd)Ir3Si7 at the PARADIM

bulk crystal bulk facility as described in Chapter 4. Here, I will describe in detail the

process of growing single crystals of 1-3-7 compounds using laser pedestal growth for
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future work on this crystallographic series.

Flux growth is often ill-suited to grow single crystals composed of Ir and Si due

to the high temperature of the eutectic point at 1500◦C with an 80:20 atomic percent

of Si:Ir as a self-flux. Using an external flux such as Ga or Sb has proven to be prob-

lematic as these solvents heavily incorporate into one of the Si sites. However, since

infrared lasers are used as the heat source in a floating zone furnace, temperatures

above 2200◦C are accessible, and a single crystal can be pulled from the melt.

The first step in the path of achieving high-quality single crystals in a floating

zone furnace begins in BRK 270 by arcmelting polycrystalline rods of the desired

composition in a 1:3:7 atomic ratio. To perform this, use the laboratory arcmelter to

melt 2 g boules of the desired compound. YbIr3Si7 will have significant vaporization,

but it is not required to replace any of the lost Yb. The soot produced by this reaction

will spark very strongly when you try to clean it up. I recommend cleaning it with

a paper towel soaked in water before cleaning it with ethanol. About 4-6 boules will

be needed per rod depending on how thick of a rod is desired. When the boules

are made, chop them up into small pieces and place them in a rod-shaped well in

the arcmelter. The largest rod-shaped well at the top of the copper hearth of the

arcmelter will produce a large rod, but the rod will be mishapen and a little crooked.

Polycrystalline rods of YbIr3Si7 used in the PARADIM trip occurring on September

30, 2018 - October 5, 2018 and published in [106] were melted using this well. The

smaller rod-shaped well in the copper hearth will produce straighter and more regular-

shaped rods, but they will be smaller in length and diameter. Choose which well to

use based on the desired characteristics of the single crystals; if only a few crystals are

needed, I recommend the smaller rod-shaped well. If many large crystals are desired,

use the large rod-shaped well. A significant amount of Ir will be needed, so order

slugs of Ir in advance. Polycrystalline rods prepared for the PARADIM trip that

occurred on July 21, 2019 - August 2, 2019 are shown in Fig. 3.1. These rods were

melted using the smaller rod-shaped well. Be cautious of the high surface tension of



31

Figure 3.1 : Polycrystalline rods of RIr3Si7 produced using the Morosan lab arcmelter.
The smaller rod-shaped well in the copper hearth was used to shape all of these rods
to be used as the feed rods in laser pedestal growths at PARADIM bulk crystal growth
facility.

these compounds when they are melted into a liquid. Arcmelting for more seconds

than necessary will cause the melt to form thick spheres instead of the rod shape.

When these arcmelted polycrystalline rods arrive at PARADIM, they are mounted

into alumina sample holders and attached using NiCr wire. For pulling a single

crystal from the melt, an Ir wire should be used. The temperature of the melt is high

enough that it will dissolve NiCr wire. Parameters used for each growth are provided

in Table 3.1. The single crystal rods pulled from the laser pedestal floating zone

growths are shown in Fig. 3.2. After growth, the single crystal rods were attached

to a goniometer with Crystalbond and oriented in a real-time Laue camera along the

equivalent hexagonal unit cell directions and subsequently cut with a wire saw.

Table 3.1 : Parameters for laser pedestal floating zone
growth of YbIr3Si7, GdIr3Si7, and TbIr3Si7

Beginning of Table

Compound PARADIM name Parameters Credit

YbIr3Si7 MS001 Pressure: 6 bar Ar Growth and

Laser power: 35% Orientation:
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Continuation of Table 3.1

Compound PARADIM name Parameters Credit

Translational rate Macy Stavinoha

Feed rod: 1 mm/hr and W. Adam

Seed rod: 6 mm/hr Phelan

Rotational rate

Feed rod: 10 rpm

Seed rod: 15.3 rpm

YbIr3Si7 PDC LDFZ Pressure: 5 bar Ar Growth:

01082019 Laser power: 27% Macy Stavinoha

1 158 Translational rate and W. Adam

Feed rod: 1.75 mm/hr Phelan and

Seed rod: 5.25 mm/hr Nicholas Ng

Rotational rate Orientation:

Feed rod: 9.9 rpm Long Qian and

Seed rod: 10.2 rpm Nicholas Ng

GdIr3Si7 PDC LDFZ Pressure: 5 bar Ar Growth:

29072019 Laser power: 28.5% Macy Stavinoha

2 158 Translational rate and W. Adam

Feed rod: 1.8 mm/hr Phelan and

Seed rod: 7 mm/hr Nicholas Ng

Rotational rate Orientation:

Feed rod: 9.9 rpm Long Qian and

Seed rod: 10.2 rpm Nicholas Ng

TbIr3Si7 PDC LDFZ Pressure: 5 bar Ar Growth:

28072019 Laser power: 29.8% Macy Stavinoha

1 158 Translational rate and W. Adam

Feed rod: 2 mm/hr Phelan and
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Continuation of Table 3.1

Compound PARADIM name Parameters Credit

Seed rod: 5.2 mm/hr Nicholas Ng

Rotational rate Orientation:

Feed rod: 10 rpm Long Qian and

Seed rod: 10.2 rpm Nicholas Ng

End of Table

Vapor pressure is one factor to keep in mind when considering if a floating zone

growth will be successful. If a compound produces significant vapor continuously

when it is heating, the growth will not be allowed to continue. Additionally, if the

material melts incongruently, it is not a good candidate for floating zone growth. In

this case, the lower melting component will melt first, and the temperature will need

to be raised to melt the higher melting component. The higher temperature is likely to

melt more material than the molten zone can suspend. Additional cautionary notes

can be given specifically to the growth of RIr3Si7 compounds: using a traditional

floating zone growth produced rods with poor crystallinity and incorporated Ir3Si5

as an impurity phase. One hypothesis about why using a traditional floating zone

technique hinders the crystallizing process is that the larger diameter of the feed rod

nucleates more quickly with multiple grains, and a longer portion of the rod must

crystallize before a single grain is selected. Pulling a crystal using the laser pedestal

technique grows the diameter slowly, which is more likely to select a single grain

along which to grow the crystal. Using the laser pedestal method sacrifices some

diameter control, which can be improved by using a polycrystalline feed rod with a

larger diameter.
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Figure 3.2 : Single crystal seed rods of (a) YbIr3Si7, (b) GdIr3Si7, and (c) TbIr3Si7
pulled from the molten zone in laser pedestal floating zone growths during Macy’s
trip to PARADIM bulk crystal growth facility from July 21, 2019 - August 2, 2019.
An important note is that we intended to grow “LuIr3Si7” and “TmIr3Si7”, but
the rare earth ampules containing Gd and Tb were mislabelled as “Lu” and “Tm”,
and GdIr3Si7 TbIr3Si7 were grown instead. The chemical identities of Gd and Tb
were determined by EPMA. (d) A different crystal of YbIr3Si7 grown during Macy’s
PARADIM trip on October 2, 2018 as mounted on a goniometer for a Laue camera.
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3.2 Single Crystal X-ray Diffraction

For advanced structural characterization of crystals such as bond lengths, bond

angles, precise structural determination, site disorder, doping fractions, and site oc-

cupancy, single crystal diffraction is an ideal technique. Rice hosts a Rigaku SCXmini

single crystal diffractometer in the SEA that is capable of performing these measure-

ments.

For diffraction to occur from a given set of hkl planes in a crystal, Bragg’s Law

must be satisfied:

nλ = 2d sinθ. (3.1)

The spacing d between the planes, the wavelength of x-ray radiation λ, and an integer

value of n determine the angle θ of incidence and subsequent diffraction of the x-ray

beams that undergo constructive interference when x-ray waves contact a crystal.

[4] Bragg’s law is the minimum requirement for constructive interference of x-ray

waves to occur and does not confirm that a diffracted wave can be observed when

the conditions are met. Systematic absences of diffracted waves can be caused by the

positions of other atoms in the unit cell incoherently scattering diffracted x-rays in a

manner that causes the intensity of the wave to become zero. Moreover, the intensity

of scattered wave can provide critical information about the atomic structure of the

unit cell. Information about the intensity of the scattered wave is determined by the

wave’s structure factor, F .

Extracting information about the arrangement of atoms in the unit cell from

the structure factor F first begins with understanding how a single atom scatters a

diffracted wave. The form factor f of an atom is a measure of the amplitude of a

wave scattered by an atom divided by the amplitude of a wave scattered by a single

electron. With perfect scattering efficiency of an atom, f is equal to the number of

electrons in the atom, or its atomic number Z. f also depends on θ such that perfect

scattering only occurs when θ = 0. As θ increases, the form factor of a given atom
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decreases. The form factor is given by the equation

f = 4π

∫ ∞
r=0

ρ(r)r2 sin(2πrs)

2πrs
dr (3.2)

where ρ(r) is the electron density at a distance r from the center of the atom and

s is the angle of scattering 2sinθ
λ

. Values of f for many θ are tabulated in the

International Tables for X-ray Crystallography. [107] When the form factors of the

atoms comprising a unit cell are known, the resultant wave vector that occurs after

it has been scattered by all atoms in the unit cell, known as the structure factor F ,

can be calculated. The structure factor of a given hkl reflection Fhkl can be written

as

Fhkl =
N∑
1

fne
2πi(hun+kvn+lwn) (3.3)

where n is a given atom in the unit cell, N is all atoms of the unit cell, and the

coordinates of the given atom uvw. The amplitude of the resultant wave vector, |F |,

is proportional to the intensity of the diffracted beam such that

I ∝ |F |2. (3.4)

The resultant wave vector is the output of an incident beam that has been

diffracted by an hkl plane and subsequently scattered by all atoms in the unit cell.

A wave vector scattered by atom X will have a different phase and amplitude when

compared to a wave vector scattered by atom Z. The summation of the wave vectors

after accounting for all scattering events in the unit cell is Fhkl. To construct an

electron density map needed to solve the crystal structure, both the amplitude and

phase of the structure factor must be known. The relationship between the amplitude

and phase is a complex exponential equation

Aeiφ = fe2πi(hu+kv+lw) (3.5)
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where A is the amplitude and φ is the phase of the wave vector. However, diffraction

experiments only measure the intensity and thus the squared amplitude of the struc-

ture factor, losing any information about the phase. This is called the phase problem

in crystallography, and a significant amount of effort has been put forth to overcome

it.

In order to solve a crystal structure knowing only the position and amplitude of

the diffracted wave vectors without information about the phase, a series of data pro-

cessing techniques called direct methods have been in development since the 1940s

and were the subject of the 1985 Nobel Prize in Chemistry. [108, 109, 110] In gen-

eral, direct methods techniques exploit probability relationships between the structure

factors and phases, where a subset of the phases are predicted directly from the am-

plitudes. Once a phase is predicted, F can be Fourier transformed to produce a

real-space electron density map that is used to model the crystal structure. Iterative

refinements of the model are performed by minimizing the residual error between

the calculated structure factor of the model, Fc, and the measured structure factor

Fc. When the error is acceptably low, the model is accepted as the solved crystal

structure.

A schematic diagram of a typical single crystal diffractometer is shown in Fig.

3.3. The crystal is first translated along real-space x, y, and z coordinates until it is

located in the center of the x-ray beam. For data collection, the crystal is then rotated

around three axes relative to the Eulerian cradle. The axes, φ, Ω, and χ are shown

in Fig. 3.3. The position of the detector with respect to the incident x-ray beam is

given by 2θ. For single crystal diffraction, Mo Kα radiation with a wavelength of 0.71

Å is typically used. Mo is used because the small wavelength, in conjunction with

Bragg’s law, renders a smaller θ between diffracted spots. Thus, more spots are able

to be detected per image frame, which expedited data collection and simplifies the

apparatus design. A representative frame showing diffracted spots is shown in Fig.

3.4.
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Figure 3.3 : A single crystal four-circle diffractometer pictured with a crystal mounted
in the center of the Eulerian cradle. The counter is located in reference to the incident
x-ray beam by 2θ, and the rotational axes φ, χ, and Ω are shown with respect to the
cradle. Image courtesy of the International Union of Crystallography. Reproduced
from [7].

Figure 3.4 : Diffracted spots from two representative frames collected from a single
crystal of Ti3Cu4.
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When the x-ray beam contacts the single crystal in the four-circle diffractometer,

the x-rays are reflected, diffracted, or absorbed. Diffracted x-rays are collected by

the detector and their positions are Fourier transformed to reveal an electron density

map where the peaks in electron density correspond to atoms in the unit cell. Often,

atoms with similar atomic numbers are unable to be distinguished in single crystal

diffraction measurements because of their similar electron density, so determining

partial site occupancy, i.e. doping, between these atoms may not be possible.

The Rigaku SCXmini single crystal diffractometer at Rice is capable of perform-

ing high-quality diffraction measurements to determine the space group and doping

fraction of most samples. It can measure samples in a nitrogen atmosphere from 25◦C

down to -100◦C. Some of its limitations include reduced resolution due to its small

size. Data collection can be taught by Jianhua Li with the SEA. However, struc-

ture solution and refinement will need to be taught by a crystallographer trained on

Rigaku software CrysAlisPro and Olex.

3.3 Electron Probe MicroAnalyzer

To complement structural analysis measurements, compositional analysis can be

extremely useful for determining the makeup of single or polycrystals. The electron

probe microanalyzer owned by the Geology department at Rice and managed by Gelu

Costin is an instrument designed for performing absolute, quantitative elemental anal-

ysis on solid samples. The microprobe apparatus is an electron microscope equipped

with wavelength-dispersive spectrometers that quantify the atomic percentage of an

element present in representative points on a solid sample, where an electron probe

samples a small teardrop-shaped volume penetrating ∼1 µm into the bulk.

In an electron probe microanalyzer, a spot on the sample is chosen by visually

inspecting the SEM image of the sample. In the SEM, the contrast of the image

produced by back-scattered electrons depends on the chemical composition of the

phase. Thus, different phases in the sample can be visualized and probed for their
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Figure 3.5 : Backscattered electron images collected by an SEM integrated into the
electron microprobe apparatus. (a) A single crystal of Yb(Rh1−xCox)3Si7 (light gray)
contains an immiscible secondary phase of a Rh1−xCoxSi2 impurity (dark gray). (b)
A polycrystal of YbIr3Si7 (dark gray) developed an impurity phase of Ir3Si5 (light
gray) after annealing.

chemical composition. SEM images of crystals with multiple phases are pictured in

Fig. 3.5, where (a) shows a single crystal with an immiscible phase incorporated into

the bulk. Similarly, (b) shows a polycrystal where a secondary phase formed after

the sample degraded from annealing.

Once multiple spots have been selected for probing, a spot on the sample is bom-

barded with accelerating electrons, and inner-shell electrons are excited and radiate

away from the nucleus. This high-energy excited state returns to the ground state

when an outer-shell electron transitions into an inner-shell electronic state by releas-

ing energy as a photon with a wavelength characteristic of x-ray radiation. Because

of the quantized nature of the transitions, the wavelength of an outgoing x-ray can

be used to identify individual elements. These x-rays are detected and counted by a

series of wavelength-dispersive spectrometers, and the amount of the element present

in the sample is determined by comparing the x-ray counts per second to the counts
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per second of a standard sample.
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Chapter 4

Kondo exhaustion and conductive surface states in

antiferromagnetic YbIr3Si7

4.1 Introduction

Kondo insulators represent a complex amalgam of competing interactions: Kondo

screening, Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions between nearby lo-

cal moments, and crystal electric field effects [3]. Very few of the suggested Kondo

insulator compounds show long-range magnetic order. Of those that do order magnet-

ically, UFe4P12 is ferromagnetic below 3.1 K [111], and CeOs2Al10 is antiferromagnetic

below 28.5 K [112]. Here, we report the discovery of a new material, YbIr3Si7, which

appears to be at the border of Kondo insulating behavior, and which also exhibits

both long-range antiferromagnetic order and conductive surface states. The presence

of surface states in the YbIr3Si7 (with insulating bulk) but not in YbRh3Si7 [113] or

YbIr3Ge7 [114] (both metals) lends credence to a valence transition scenario, from

magnetic Yb3+ in the bulk to the larger, nonmagnetic Yb2+ on the surface: such a

small charge excess coming from the surface divalent Yb ions only registered in resis-

tivity measurements if the resistivity is large to begin with, and des not impact the

transport when the samples are already conductive. Hence, the conductive surface

could be a consequence of the lack of Kondo effect from the nonmagnetic Yb2+ ions.

Conductive surface states associated with a topological crystalline insulator state is

also a possibility, albeit much less likely, given the low symmetry of the surface of the

rhombohedral YbIr3Si7 structure. [113]

YbIr3Si7 exhibits several striking and unusual features. First, the usually mild

Kondo upturn in the resistivity below the single-ion Kondo temperature TK appears
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Figure 4.1 : (a) H = 0 temperature-dependent resistivity for YbIr3Si7 single crystals
(open triangles) and the polycrystalline nonmagnetic analog LuIr3Si7 (dashed line).
(b) Inverse total resistance 1/R, scaled by the geometric factor L, as a function of d for
different temperatures (see text). (inset) H = 0 scaled temperature-dependent ρ(T )
for different thickness values d of a thinned crystal. (c) Scaled temperature-dependent
resistivity ρ∗/ρ∗(20K) where ρ∗ is either the surface resistivity ρ2D (circles) or bulk
resistivity ρ3D (squares) determined from the linear fits in (b) with error bars shown
as shaded areas.

instead, on cooling, as an increase of the resistivity by several orders of magnitude. As

we show below, the bulk part of the conductivity tends to zero in the low-temperature

limit. Second, the onset of antiferromagnetic order does not prevent the continued

rise of the resistivity even for T < TN. Third, this all happens in parallel with a

much more gentle evolution of the surface transport, which remains conducting even

at the lowest temperatures. We interpret the robust loss of carriers in terms of the

Kondo exhaustion scenario, first proposed by Nozières [115, 116] and subsequently

investigated numerically by Meyer and Nolting [117]. The origin and nature of the

surface states is less clear, but would merit further investigation especially by contrast

with the lack of comparable surface conductivity and bulk metallic behavior in the

isostructural compounds YbRh3Si7 [113] and YbIr3Ge7 [114].

The physics of YbIr3Si7 appears to be distinct from both of the isostructural ma-

terials YbIr3Ge7 and YbRh3Si7 recently reported [114, 113], and from the known

Kondo insulators CeFe4P12, Ce3Bi4Pt3 [31], CeFe2Al10, CeRu4Sn6 [118], SmB6 [25]
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and YbB12 [119, 120]. YbIr3Ge7 and YbRh3Si7 show Kondo screening giving way

to long-range magnetic order and are low-carrier or bad metals at low tempera-

tures. Conversely, the other Kondo insulators mentioned above are paramagnets

or intermediate-valence materials without long-range magnetic order. Long-range

antiferro- or ferromagnetic order occurs only in CeOs2Al10 [112] and UFe4P12 [30],

with YbIr3Si7 the first Yb-based material in the insulator class (albeit at the bound-

ary of that class) that orders antiferromagnetically below TN = 4.1 K.

4.2 Results

Single crystals of YbIr3Si7 have been grown using the laser pedestal technique.

Details of the crystallographic structure and growth are included in the Supplemen-

tary Materials. Fig. 4.1(a) shows evidence for the insulating behavior in the H = 0

electrical resistivity ρ(T ) of YbIr3Si7 (symbols). The data for the nonmagnetic analog

LuIr3Si7 (dashed line), where the ρ(T ) is weakly T -dependent and overall very large

(∼ 10−2 Ω cm), demonstrate the low-carrier density nature of the RIr3Si7 (R = Yb,

Lu) material class. We interpret the differences between the YbIr3Si7 and LuIr3Si7

curves as arising from the interaction between this low-carrier density conduction sea

and the local moments of the holes in the Yb 4f orbitals. A striking feature is that

the YbIr3Si7 resistivity increases by ∼ 4 orders of magnitude on cooling from 300 K

to 0.3 K. At low T , the resistivity levels off in a manner reminiscent of the plateau

caused by conductive surface states in SmB6 [121, 122]. On the way to the low tem-

perature plateau, two notable inflections occur in ρ(T ) for YbIr3Si7: one around 100

K and another around 5 K. The high temperature inflection does not have a magnetic

component as it does not change from µ0H = 0 to µ0H = 9 T (Fig. 4.5 in Supplemen-

tary Materials). Inelastic neutron scattering measurements (Fig. 4.8, Supplementary

Materials) also rule out crystal electric field (CEF) effects at this temperature: the

lowest CEF level was measured at 19 meV (∼ 200 K), higher than the ρ(T ) feature,

and the scattering did not change between measurements performed at 10 K and 150
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K. Furthermore, the same high temperature feature in ρ(T ) (around 100 K) disap-

pears in the dilute moment limit, as we demonstrate with resistivity measurements

on Yb0.05Lu0.95Ir3Si7 (Fig. S4 in Supplementary Materials), once again ruling out

single-ion CEF effects. Lastly, a structural phase transition can also be excluded

since neutron diffraction data at T = 1.5 K, shown below, confirm the room tempera-

ture structure. Therefore the most likely explanation for the 100 K resistivity feature

is the onset of Kondo correlations.

The description of the low T resistivity in YbIr3Si7, including the inflection around

TN, goes beyond the purely paramagnetic Kondo screening scenario. As neutron

scattering and thermodynamic measurements reveal — see below — antiferromagnetic

long-range order sets in at TN = 4.1 K. The onset of this order appears to momentarily

interrupt the ρ(T ) divergence. We interpret this as the temporary ‘liberation’ of free

carriers as the magnetic moments emerge from their screening clouds to form the

Néel state. However, contrary to the usual behavior for T � TN, the resistivity then

resumes its rise for further cooling, suggesting that there are not enough carriers left

to screen the remaining non-ordered fraction of each local moment.

The low-temperature resistivity of YbIr3Si7 is akin to the low-temperature plateau

in the resistivity of SmB6 attributed to conductive surface states [26, 123]. One test

for the validity of this hypothesis is the dependence of the total resistivity ρ on sample

thickness d; the relative sample surface (conductive) to bulk volume (insulating) ratio

increases when the thickness decreases, and should result in an overall resistivity ρ

decrease. The inset of Fig. 4.1(b) confirms the low-T resistivity decrease as the crystal

is thinned from 723 µm to 77 µm. The insulating bulk dominates the resistivity above

453 µm (black), but for thinner samples the low-T resistivity drops by an order of

magnitude. To first approximation, the measured resistance R is the inverse of the

total conductance G, where G subsumes contributions from the bulk G3D and the

surface G2D for the top and sides faces of a rectangular bar (inset, Fig. 4.1(d)). The

3D and 2D contributions can therefore be estimated from:
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G = G3D +G2D

with G3D = σ3D(wd
L

) and G2D = σ2D(2w
L

+ 2d
L

), where the conductivity σ and resistivity

ρ values are related through σ = 1/ρ. Consequently
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(
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)
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(
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L
+
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)
.

Replacing G by 1/R and σ by 1/ρ, this expression becomes:

L

R
=

2w

ρ2D

+ d

(
w

ρ3D

+
2

ρ2D

)
(4.1)

Therefore resistance R measurements are expected to yield a linear dependence of

1/R on thickness d, where the intercept 2w/ρ2D and the slope w/ρ3D + 2/ρ2D can be

used to find the surface ρ2D and bulk resistivity ρ3D.

The isothermal plots Fig. 4.1(b) illustrate this linear dependence of 1/R on d

(symbols). The dotted lines are fits to eqn. 4.1, from which the ρ3D(T ) and ρ2D(T )

values are extracted. A comparison between the surface and bulk resistivities, scaled

at 20 K (Fig. 4.1(c)) reveals a much weaker temperature dependence of ρ2D compared

to ρ3D, resulting in a surface 2-3 orders of magnitude more conductive than the bulk.

Remarkably, ρ2D appears to level off in the low temperature limit, while ρ3D is still

rapidly increasing, following a brief decrease around the magnetic order around 4 K

(discussed below).

Within this picture of conductive surface states on top of an insulating bulk in the

magnetic YbIr3Si7, its carrier concentration must be evaluated, and compared with

that in the non-magnetic analogue LuIr3Si7. Hall effect measurements are shown

in Fig. 4.1d-e for both YbIr3Si7 (triangles) and LuIr3Si7 (squares). For YbIr3Si7, the

initial Hall coefficient RH (in the zero-field limit) increases by two orders of the magni-

tude on cooling from 300 K (5.7×10−8 m3/C) to 2 K (3.65×10−6 m3/C) (Fig. 4.1(d)).

The Hall coefficient for LuIr3Si7, RH is much smaller and shows only small tempera-

ture dependence, dwelling around 4×10−8 m3/C (Fig. 4.1(e)) for the entire temper-

ature range. The corresponding Hall mobilities at 2 K are 7.3×10−5 m2V−1s−1 and
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Figure 4.2 : (a) H = 0 specific heat scaled by temperature CP/T (left axis) for
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the antiferromagnetic ordering temperature TN.
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7.8×10−4 m2V−1s−1 for YbIr3Si7 and LuIr3Si7, respectively. Within a single band

model, the carrier density for YbIr3Si7 is 1.7×1018/cm3, much smaller than a conven-

tional metal with the carrier density of ∼ 1022/cm3. By contrast, the LuIr3Si7 carrier

density is 1.54×1020/cm3, a couple of orders of magnitude larger than that of the Yb

analogue, for which DFT calculations result in a carrier density of 3×1021/cm3 at 0

K. The theoretical overestimate reflects the fact that the DFT calculations do not

capture the Kondo interaction and treats the f electrons as delocalized.

Thermodynamic measurements reveal long-range magnetic order in YbIr3Si7 be-

low TN = 4.1 K (Fig 4.2). The zero-field specific heat CP/T data for YbIr3Si7

(symbols, Fig 4.2(a)) show a peak at 4.1 K, while the nonmagnetic analog LuIr3Si7

(dashed line) displays much smaller CP/T values and no phase transition. Above

the ordering temperature, a large tail in the YbIr3Si7 specific heat could be the re-

sult of short-range magnetic interactions. The magnetic entropy Smag for YbIr3Si7

(solid line, Fig. 4.2(a)) was estimated from Smag =
∫ T

0

Cmag
T

dT , where Cmag =

CP (YbIr3Si7) − CP (LuIr3Si7). At TN, the low entropy release of ∼ 15% Rln2 sig-

nals Kondo screening, with an estimated Kondo temperature TK ≈ 16 K from

Smag(0.5TK) = 0.5 R ln2. With this TK estimate in mind, the inflection in the H

= 0 YbIr3Si7 resistivity data just above TN (Fig. 4.1(a)) appears coincident with

TK .

Further confirmation of the long-range magnetic order is provided through anisotropic

magnetic susceptibility measurementsM/H shown in Fig. 4.2. Temperature-dependent

M/H measurements with µ0H = 0.1 T confirm the magnetic phase transition since

small inflections are observed on cooling for both H ‖[100] (circles) and H ‖[001]

(diamonds). On warming above TN, the H ‖[001] data (full diamonds in Fig. 4.2b)

display a broad maximum centered around 10 K, while a similar feature at 10 K is

absent in the [100] field orientation. The crossing of the anisotropic M/H curves just

above TN is reminiscent of the hard axis ordering observed in both known isostruc-

tural Yb systems YbIr3Ge7[114], YbRh3Si7[113], and in the few known FM Kondo
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lattice compounds.[124] Indeed, the susceptibility at high temperatures (Fig. 4.7 in

Supplementary Materials) is indicative of large crystal electric field anisotropy favor-

ing a [001] easy axis. The average magnetization Mave was calculated using Mave =

1
3
(2M100 + M001). A linear fit to the average inverse susceptibility at high tempera-

tures (above 150 K) yields an effective moment µeff = 4.42 µB, which is close to the

theoretical value of 4.54 µB for Yb3+.

In order to elucidate the nature of the magnetic ground state, we performed

powder neutron diffraction measurements. Upon cooling from 25 K (orange symbols,

Fig. 4.3(a)) to 1.5 K (black symbols, Fig. 4.3(a)), we observe the formation of

magnetic Bragg peaks, which can be indexed with the propagation vector k = 0.

There are three possible k = 0 irreducible representations, Γ1, Γ3, and Γ5, for

Yb3+ sitting at the 6b Wyckoff site within the R3̄c space group. The latter two of

these possible magnetic structures can be ruled out, since they would generate intense

magnetic Bragg peaks at positions where no peaks are observed in experiment. We

are left to consider only the Γ1 irreducible representation, and the Rietveld refinement

with this magnetic structure is shown in Fig. 4.3b. The magnetic diffraction pattern

was isolated by subtracting a data set collected at T = 25 K from a data set collected

at T = 1.5 K. This gives excellent agreement between the refinement (red line in Fig.

4.3(b)) and the measured data (black symbols). Furthermore, the order parameter

(Fig. 4.3(c)), which is derived by fitting the intensity of the (101) magnetic Bragg

peak, drops to 0 at TN = 4.1 K, consistent with the thermodynamic data (Fig. 4.2).

In the Γ1 antiferromagnetically-ordered state (Fig. 4.3(d)), all the Yb3+ moments

are oriented along the crystallographic c axis ([001]). Each Yb3+ moment is aligned

anti-parallel with its six nearest neighbors in the nearly cubic Yb sublattice (outlined

in Fig. 4.3(d)), and parallel with its co-planar next nearest neighbors (grey sheets).

The refined ordered moment is 1.51(5) µB/Yb3+.

The magnetization (Fig. 4.2) and neutron diffraction data (Fig. 4.3) on YbIr3Si7

confirm the trivalent state of the Yb ions in the bulk. However, XPS measurements
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probe a smaller volume-to-surface ratio than bulk measurements, and are sensitive

to surface valence changes. Our XPS data (Supplementary Materials, Fig. 4.12) on

YbIr3Si7 reveal mixed valence of the Yb ions in the measured volume just under the

surface, suggesting a valence change from Yb3+ (smaller) in the bulk to Yb2+ (larger)

on the surface. This is possibly due to the smaller chemical pressure at the sample

surface [13], and, in turn, may be responsible for the enhanced surface conductivity

in the absence of Kondo effect from the nonmagnetic Yb2+ ions.

4.3 Discussion and Conclusions

YbIr3Si7 shows a remarkable portfolio of physical properties that makes it unique

among known Kondo insulators: the Kondo insulating behavior is accompanied by

long range AFM order, large CEF anisotropy and conductive surface states. This pro-

vides a complex energy landscape to explore a variety of quantum interactions and

their interplay with surface properties. To determine the cause of the insulating be-

havior, we performed DFT+U calculations to map the band structure of YbIr3Si7 (see

the Supplementary Materials). The band structure calculation shows bands crossing

the Fermi level even when accounting for strong Kondo hybridization, indicating that

the observed insulating behavior is a many-body effect. To fully understand the ar-

rangement of competing interactions responsible for the insulating behavior, more

sophisticated methods such as DMFT calculations are warranted. Further experi-

mental investigation on YbIr3Si7 will include ARPES and transport as a function

of sample morphology (underway), as well as point contact spectroscopy, aimed at

characterizing the origin of the surface and bulk properties.
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Figure 4.3 : (a) Powder neutron diffraction measurements for YbIr3Si7 at T = 25 K
(orange symbols) and T = 1.5 K (black symbols). (b) Rietveld refinement (red line)
with the k = 0 Γ1 irreducible representation of the magnetic diffraction pattern (black
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(c) Neutron order parameter from the intensity of the (101) magnetic Bragg peak.
(d) The spin configuration of the Yb3+ moments in the Γ1 ordered state.
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4.4 Appendix

4.4.1 Crystal Growth and Crystallography

Single crystals of YbIr3Si7 were grown via the laser pedestal technique using a

Laser Diode Floating Zone (LDFZ) furnace (Crystal Systems Inc FD-FZ-5-200-VPO-

PC) with 5 200 W GaAs lasers (976 nm) as the heat source. A polycrystalline

feed rod precursor was made by arcmelting stoichiometric amounts of elemental Yb,

Ir, and Si under a partial pressure of Ar. For all of the growths, the arcmelted

polycrystalline feed rod was mounted onto the lower shaft of the LDFZ furnace and

a nickel chromium (NiCr) wire was mounted onto the upper shaft above the feed

rod. The tip of this rod was observed to melt ca. 35% of the laser power in an Ar

atmosphere of 6 bar. A floating zone was then formed by dipping the NiCr wire into

the melt and then pulling the wire upward until YbIr3Si7 was observed to seed onto

the wire (hereafter “seed”). Following the initial seeding process, the lasers were held

in a fixed position and both the feed and seed were translated upwards. Successive

optimizations yielded final parameters of 1 mm/hr feed rate, 6 mm/hr seed rate, and

10 rpm and 15.3 rpm rotation rates for counter-rotating feed and seed, respectively.

Back scattering x-ray Laue diffraction was used to orient all single crystals along

[100] and [001] in the equivalent hexagonal unit cell setting. Each crystal was mounted

onto a three-axis goniometer, and the goniometer was placed onto the stage of a

MWL101 real-time back-reflection Laue camera system from Multiwire Laboratories,

Ltd. All images were collected using an applied voltage of 10 kV and current of 10

mA to the tungsten x-ray source. Total counting times for all images varied but did

not exceed five minutes.

Like the preparation of the polycrystalline precursor YbIr3Si7, the nonmagnetic

analog LuIr3Si7 was arcmelted into a polycrystalline bead using stoichiometric amounts

of elemental Lu, Ir, and Si under a partial pressure of argon. The rhombohedral R3̄c

space group was confirmed in both compounds using powder x-ray diffraction refine-
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ment. Additionally, single crystal x-ray diffraction refinement was used to confirm

the R3̄c space group and full occupancies of the crystallographic sites in YbIr3Si7.

Powder x-ray diffraction measurements were performed at ambient temperature using

a Bruker D8 Advance diffractometer with Cu Kα radiation. Rietveld refinement was

done using the TOPAS software package. Single crystal x-ray diffraction was con-

ducted using a Rigaku SCX Mini diffractometer with Mo Kα radiation. Integration of

raw frame data was done using CRYSTALCLEAR 2.0. Refinement of the diffraction

data was performed using XPREP and SHELXTL software packages.

Table 4.1 : Crystallographic parameters of YbIr3Si7 single crystals at T = 173 K
(R3̄c).

Formula YbIr3Si7

a (Å) 7.5562(3)

c (Å) 20.0662(11)

V (Å3) 992.21(9)

Crystal dimensions (mm3) 0.1 x 0.07 x 0.07

θ range (◦) 3.7 - 30.6

Extinction coefficient 0.00072(2)

Absorption coefficient (mm−1) 75.329

Measured reflections 7570

Independent reflections 377

Rint 0.0807

Goodness-of-fit on F 2 1.053

R1(F ) for F 2
o >2σ(F 2

o )a 0.0220

wR2(F 2
o )b 0.0379

aR1 =
∑
||Fo| - |Fc|| /

∑
|Fo|

bwR2 = [
∑

[w(F 2
o – F 2

c )2] /
∑

[w(F 2
o )2]]1/2
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Figure 4.4 : Powder x-ray diffraction and refinement of YbIr3Si7 and LuIr3Si7.

Electron probe microanalysis (EPMA) was performed to obtain quantitative anal-

ysis of the Yb-Ir-Si and Lu-Ir-Si phases using wavelength dispersive spectrometry

(WDS). The compositions were shown to be Yb0.99(1)Ir3.00(2)Si7.01(2) and Lu1.02(3)Ir3.04(4)Si6.95(6).

The data was acquired at the EPMA laboratory, Earth Science Department, Rice

University, using a JEOL JXA 8530F Hyperprobe equipped with a field emission

(Schottky) emitter and five WDS spectrometers. The analytical conditions used were

15 kV accelerating voltage, 50 nA beam current, 300 nm beam diameter, and count-

ing times of 10 seconds per peak and 5 seconds per each lower and upper background,

respectively. The standards used for element calibration were synthetic metals (Si

metal and Ir metal) for Si and Ir, respectively, and REE2 glass8 for Lu and Yb.

Both Ir and Yb were concomitantly analyzed on two different spectrometers using

two types of diffracting crystals (LiF and LiFH for Ir and PET and PETL for Yb) in

order to improve the x-ray statistics and increase the accuracy of the analysis. LiFH

and PETL diffracting crystals have much higher sensibility (3-4 times higher X-ray

intensities) compared to LiF and PET crystals. The PhiRoZ matrix correction was

employed for quantification.
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4.4.2 Thermodynamic and Transport Properties

Resistivity and specific heat measurements were performed in a Quantum Design

(QD) physical property measurement system (PPMS) equipped with a 3He insert.

Temperature-dependent ac resistivity measurements were performed using i = 0.05

mA (i = 0.1 mA above 50 K) and f = 35.54 Hz for a duration of 3 s. Resistivity

measurements on different thicknesses of a sample were conducted on the same sample

repeatedly thinned using mechanical polishing with the leads reapplied before each

measurement. The crystal dimensions d, w, and L were measured using a digital

microscope and Moticam 3.0 measurement software. For each measurement, w =

1.063(53) mm. Dimensions d and L for each measurement are given in Table 4.2.

Table 4.2 : Dimensions d and L for the sample used in thickness-dependent resistivity
measurements.

d L

0.723(36) mm 1.413(71) mm

0.588(29) mm 1.250(63) mm

0.453(23) mm 1.140(57) mm

0.260(13) mm 0.455(23) mm

0.175(18) mm 0.655(33) mm

0.110(11) mm 0.765(38) mm

0.077(8) mm 0.273(14) mm

Additional resistivity measurements performed up to 14 T were done using a QD

DynaCool physical properties measurement system equipped with a dilution refrig-

erator. The electrical transport option for resistivity was performed using i = 0.1

- 1 mA, f = 18.3 Hz, and an averaging time of 2.3 s. Specific heat measurements

were performed using an adiabatic relaxation method. A QD magnetic properties

measurement system was used to perform dc magnetic susceptibility measurements
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up to 400 K. High-temperature magnetic susceptibility measurements were carried

out on a QD PPMS equipped with the VSM oven option. The measurements covered

a temperature range from 300 K to 1000 K. The system calibration was confirmed

both before and after the measurements using a palladium calibration standard, the

system showing a repeatability of better than 0.2%. Each sample was measured at

least three times with each run agreeing within the noise floor of the system.

For the neutron diffraction measurements, the sample was loaded into a liquid

helium cryostat with a base temperature of 1.5 K. To search for magnetic scatter-

ing the high intensity/coarse resolution BT-7 spectrometer was employed in two-

axis mode, with a fixed initial neutron energy of 14.7 meV (wavelength 2.359 Å)

and collimator (full-width-half-maximum) configuration open—PG(002) monochro-

mator—80’—sample—80’ radial-collimator—position-sensitive detector. [125] The

refinements were determined by the Rietveld method with the FullProf suite. [126]

Fig. 4.5 shows details of the electrical resistivity ρ(T) in a log-log scale, for (a)

µ0H = 0 (triangles), 9 T and H ‖[100] (circles) and H ‖[001] (diamonds), and (b)

i ‖H ‖[100], with applied field values up to 14 T. The preliminary anisotropic ρ(T )

data (Fig. 4.5(a)) points to a qualitative change of the temperature dependence

with increasing field. Indeed, the applied magnetic field (Fig. 4.5(b)) changes the

temperature dependence from - lnT (H = 0, open triangles) to power law -Tα above

µ0H ∼ 7 T. In a Kondo screening scenario, it can indeed be expected that the lnT

divergence of the resistivity at low T changes to a power law with band polarization

in applied magnetic field.

Nonmagnetic Lu doping in YbIr3Si7 was used in an attempt to characterize the ∼

100 K inflection in the H = 0 µ(T ) data. Single-ion CEF effects would be expected

to scale with the number of magnetic Yb ions (1-x) in Yb1−xLuxIr3Si7. Since the

resistivity inflection has disappeared in the highly diluted x = 0.95 sample (Fig. 4.6,

diamonds), it is unlikely due to CEF effects, rendering the onset of Kondo correlations

the most likely scenario. Indeed, inelastic neutron scattering measurements shown
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Figure 4.5 : (a) Log-log plot of the temperature-dependent resistivity in H = 0
(triangles) and in applied magnetic field µ0H = 9 T, H ‖[100] (circles) and H ‖[001]
(diamonds), and (b) H ‖[100] from 0 to 14 T.

in Fig. 4.8 confirms that the lowest CEF level is at 19 meV, or ∼ 200 K, with

no low-energy crystal field excitations. Furthermore, anisotropic inverse magnetic

susceptibility data shown in Fig. 4.7 indicate that no deviations from the Curie-

Weiss are observed in the average inverse magnetic susceptibility (solid line, Fig. 4.7)

up to 600 K.

Fig. 4.9 shows the temperature-dependent specific heat CP (a) and magnetic

susceptibility M/H (b) measured in different fields, as well as an example of an M(H)

isotherm (c, T = 2.6 K), for H ‖[001]. Increasing field moves the antiferromagnetic

transition to lower temperatures TN (full triangle). However, above µ0H = 2.5 T, the

CP peak defines a new phase boundary, as T moves to slightly larger values as µ0H

increase up to 9 T (open side triangle). The AFM phase boundary is also marked

by a peak in M(T ) (symbols, b), with TN determined from the peak in d(MT )/dT

(open square) and the metamagnetic transition (Fig. 4.10(c)) best evidenced as the

maximum (full square) in the derivative dM/dH (line). The resulting phase diagram

is shown in Fig. 4.9(d). An as-of-yet unexplained broad maximum in M(T ) (Fig.

4.9(b), large circle) is depicted as a cross-over (gray line) on the phase diagram.
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Figure 4.6 : Scaled resistivity measurements of the doped Yb1−xLuxIr3Si7 polycrys-
talline samples for x = 0 (open triangles), x = 0.95 (diamonds) and x = 1 (full
triangles).
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Figure 4.7 : Anisotropic inverse magnetic susceptibility measurements (symbols) and
calculated polycrystalline average H/Mave (line) with Mave = 2/3M100 + 1/3M001.
Solid black lines are linear fits above 350 K, evidence of Curie-Weiss behavior.
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Figure 4.8 : Inelastic neutron scattering data taken on BT-7 using pyrolytic graphite
(PG) monochromator, analyzer, a fixed final energy of 14.7 meV with PG filters,
80’ full-width-at-half-maximum radial collimator and horizontal focusing analyzer.
The collimations before and after the monochromator were OPEN (≈1.5◦) and 50’,
respectively. The Q dependence of the scattering (left) indicates that the signal for
both peaks decreases with increasing Q as expected for magnetic scattering, after
considering that the background increases with Q, while phonon scattering would
be expected to increase approximately as Q2. The data on the right show that
there is very little change in the scattering in going from 10 K (above the ordering
temperature) to 150 K, which demonstrates that there are no ‘hidden’ low energy
crystal field levels (with small matrix elements too small to be observed), indicating
that the lowest CEF level is at 19 meV.
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The complex field dependence of the thermodynamic measurements motivated an

investigation of the field dependence of the magnetoresistance. Large longitudinal

magnetoresistance (MR) is registered in YbIr3Si7 (Fig. 4.10). At T = 10 K (T > TN,

open circles), a moderately large MR(14T) ∼-53% was measured with i ‖H ‖[100].

For temperatures below TN (full symbols), the negative MR increases to a maximum

of ∼-95% and plateaus above 8 T. This large, negative MR below the ordering tem-

perature is similar to that of the magnetic KI UFe4P12, where the MR approaches

-90% near the ordering temperature, [127] attributed to the delocalization of the

conduction electrons by disturbing the Kondo screening with applied magnetic field.

SmB6 reaches a similarly large, negative MR, albeit at a much higher applied field of

86 T when the hybridization gap is closed. [128] This field value is nearly an order of

magnitude larger than in YbIr3Si7, consistent with a Kondo temperature of ∼80 K

in the former [122], an order of magnitude larger than TK in the present compound.

4.4.3 Band Structure Calculations

In order to obtain an insight into the electronic properties of YbIr3Si7, we have

performed first principles density functional theory (DFT) calculations using the

generalized gradient approximation for the exchange-correlation functional following

Perdew, Burke and Ernzerhof (PBE). [129] The full-potential linearized augmented

plane wave (LAPW) method was used, as implemented in the Wien2k package [130],

with the scalar spin-orbit coupling included in the calculation. We have performed the

electronic structure in the paramagnetic (PM) and the antiferromagnetically (AFM)

ordered ground state of YbIr3Si7, as determined from the neutron scattering (see Fig.

4.3 in the main text). The resulting band structure in the paramagnetic state is

shown in Fig. 4.11(a), plotted along the high-symmetry lines in the Brillouin zone

(BZ), with the radius of the circles reflecting the f electron contribution to the re-

spective Bloch band. In an attempt to capture the effect of strong correlations on

the f orbitals, we have performed the DFT+U calculations [131] in the AFM state,
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Figure 4.9 : Temperature-dependent (a) specific heat CP and (b) magnetic suscepti-
bility M/H measurements in applied magnetic fields up to 14 T, for H ‖[001]. (c) T
= 2.6 K magnetization isotherm M(H) (thick black line, left axis) and the derivative
dM/dH (thin blue line, right axis), with the large square marking the low-H meta-
magnetic transition. (d) T – H phase diagram for H ‖[001]. The phase diagram is
constructed using CP measurements, where the upward triangle represents the peak
from µ0H = 0 – 2.5 T, and the right-facing triangle represents the peak from µ0H
= 3 – 9 T. Squares represent the peak position in d(MT )/dT (open symbols) and
dM/dH (full symbols). The gray line represent the broad peak observed in M/H
measurements with H ‖[001], likely a cross-over.
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with the Hubbard U = 4 eV on Yb ions. This results in one f band at the chemical

potential, shown in Fig. 4.11(b), which is split from the other six f bands that now

lie about 4 eV below (not shown).

As Fig. 4.11 shows, the nearly flat Yb 4f band (light green in the center of the

plot) hybridizes with the dispersive conduction electron band. Intriguingly, there

is another conduction band (inverted parabola centered around the Z point, shown

in red in Fig. 4.11(a), (b)), which appears not to hybridize with the f band. As a

result, there is a non-vanishing electron density of the states at the chemical potential

in both the PM and AFM states. Based on these results, DFT would predict YbIr3Si7

to be a metal, contrary to the insulating behavior of the bulk resistivity reported in

Fig. 4.1 in the main text. The Kondo hybridization, central to understanding this

behavior, is a many-body effect not captured by the single-particle DFT calculations.

Other, non-perturbative techniques are desirable in order to understand this effect.

However, they are beyond the scope of the present work and are left for an upcoming

study.

4.4.4 Yb Valence Determination Using XPS

XPS was used to determine the ratio of Yb3+ to Yb2+ in YbIr3Si7, by measuring

several spots approximately 7.5 microns in diameter and 10 nm deep. A PHI Quan-

tera II XPS spectrometer with monochromated Al Kα at 1486.6 eV and 26 eV pass

energy was used to obtain the XPS spectra. We measured several points, and the Yb

4d spectrum at one point is shown in Fig. 4.12. It is very complex and constructed

of six peaks that correspond either to Yb3+ or Yb2+ states. The relative abundance

of Yb3+ vs. Yb2+ is computed from the area under each peak. For the measured

volume close to the crystal surface, Yb appears to be in a mixed valence, with an

average ratio Yb3+ : Yb2+ = 85.3 : 14.7, and this composition is consistent between

all measured points. Given that bulk measurements (neutron diffraction and magne-

tization) only detect Yb3+ valence (when the volume to surface ratio is much larger



65

Figure 4.11 : First principles DFT band structure of YbIr3Si7 in (a) PM and (b) AFM
states plotted along the high-symmetry lines in the Brillouin zone shown in panel (c).
The results in panel (b) were obtained within the DFT+U method (U = 4 eV) to
approximately capture the effect of electron correlations on Yb ion.

than in the XPS measurements), this mixed valence appears likely due to a Yb2+

valence predominantly on the surface.
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Figure 4.12 : XPS measurements on one point of YbIr3Si7 indicate the ratio of Yb3+

to Yb2+ on the surface of a single crystal.
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Chapter 5

Ferromagnetic ordering along the hard axis in the

Kondo lattice YbIr3Ge7

5.1 Introduction

Various competing ground states in Kondo lattice (KL) systems, governed by the

delicate balance between the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange in-

teraction and on-site Kondo effect, have gained great interest for over three decades.

[132, 133, 134] These two interactions usually result in antiferromagnetic (AFM) or-

der with a dense KL metallic ground state. The balance between Kondo and RKKY

interactions can be tuned by applying non-thermal parameters such as pressure, mag-

netic field, or chemical doping, resulting in non-Fermi liquid behavior near a quantum

critical point (QCP) where the AFM transition temperature is suppressed to abso-

lute zero, or other quantum collective phenomena emerge including unconventional

superconductivity. [135, 136, 137]

Among known KLs, the number of compounds that shows AFM order greatly

surpasses that of the ferromagnetically ordered compounds. [138, 139, 124] Thus,

in stark contrast to the AFM counterpart, in-depth theoretical work to describe fer-

romagnetic (FM) KL compounds is largely missing. [140, 141] Recently Ahamed

et al. [139] suggested that broken inversion symmetry at the local moment site

could promote FM order in KLs. While this scenario is possible for most of the Ce-

and Yb-based FM KL compounds, including CeTiGe3 [142], YbNiSn [143], YbPtGe

Reproduced from Ref. [114]. c©2019 American Physical Society
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[144], YbRhSb [145], YbPdSi [146], and the most heavily studied FM KLs CeAgSb2

[147, 148, 149, 150, 151], CeRuPO [152, 153, 154] and YbNi4P2 [155], it does not

apply to systems with inversion symmetry like Yb(Rh0.73Co0.27)2Si2 [156, 157] and

YbCu2Si2. [158, 159] Moreover, it has been theoretically and experimentally found

that the FM phase is inherently unstable, either towards a first-order phase tran-

sition [160] or towards inhomogeneous magnetic phases. [161] Thus, the FM QCP

either does not exist or is masked by other phases. Only in the case of YbNi4P2,

FM order occurs via a second-order phase transition upon chemical substitution in

YbNi4(P1−xAsx)2. [162] The presence of a FM QCP in this system has been at-

tributed to its quasi-1D structure. [155, 162] Thus, in order to develop the theory

surrounding FM KL systems in general, and experimentally realize new FM QCPs in

particular, new FM KL compounds are called for.

In compounds with strong crystal electric field (CEF) effects, the CEF-induced

anisotropy determines the direction of easy and hard magnetization axes in the para-

magnetic (PM) state. Interestingly, in all of the FM KL compounds mentioned above,

with the exception of CeTiGe3 and YbCu2Si2, this CEF anisotropy competes with

the RKKY interaction and results in magnetic ordering along the axis orthogonal to

the CEF easy axis. [147, 152, 155, 163, 157, 162] Even more astonishing is the fact

that the FM hard axis ordering appears to be a general trait of FM KL systems, as

of yet unexplained. [124]

In this paper, we report the discovery of a new FM KL compound YbIr3Ge7 with

TC = 2.4 K. In line with the above empirical observation, spontaneous magnetization

occurs along the hard CEF axis. However, YbIr3Ge7 is unique among FM KLs

because it is the only such compound crystallizing in a rhombohedral lattice, and it

does not show broken inversion symmetry at the local moment site. Recently, we

discovered a series of Ce- and Yb-based compounds in this 1-3-7 structural family,

including YbRh3Si7 [113], CeIr3Ge7 [164, 165], and YbIr3Si7. [106] Among these

Reproduced from Ref. [114]. c©2019 American Physical Society
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compounds, YbRh3Si7 and YbIr3Si7 are KL compounds with the former proposed to

order antiferromagnetically below 7.5 K based on neutron scattering, and the latter

showing ferromagnetic correlations below 4 K, with the moments ordered along the

hard CEF axis in both. In contrast, CeIr3Ge7 shows AFM order along the easy

CEF axis at a remarkably low temperature TN = 0.63 K, in the absence of Kondo

screening or frustration. Although chemically and structurally similar, the balance

between CEF effects, Kondo screening, and RKKY interactions in these systems

differ drastically. Thus, this family of compounds presents an opportunity to study

the delicate competition among these interactions and the resulting ground states.

5.2 Experimental Methods

Single crystals of YbIr3Ge7 were grown using Ge self-flux, as described in earlier

publications and the Appendix. [166, 167] The purity and crystal structure were iden-

tified by single crystal and powder x-ray diffraction analysis (Tables 7.1 and 5.2, Figs.

5.5 and 2.8 in the Appendix). YbIr3Ge7 crystallizes in the ScRh3Si7 structure type

[168, 169] with lattice parameters a = 7.8062(10) Å and c = 20.621(5) Å. The stoi-

chiometry determined by free variable refinement of the occupancies is YbIr3Ge7−δ

where δ = 0.3. The crystals were oriented along the [100] and [001] axes in the

equivalent hexagonal unit cell setting using a back-scattering Laue camera. Room

temperature powder x-ray diffraction data were collected using a Bruker D8 diffrac-

tometer with Cu Kα radiation, with additional room temperature single crystal x-ray

diffraction performed using a Bruker D8 Quest Kappa single crystal x-ray diffractome-

ter equipped with an IµS microfocus source, a HELIOS optics monochromator, and a

CMOS detector. The anisotropic DC magnetic susceptibilityM/H and magnetization

data were measured using a Quantum Design (QD) Magnetic Property Measurement

System (MPMS) with an applied magnetic field up to 7 T. Ac susceptibility was

Reproduced from Ref. [114]. c©2019 American Physical Society
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measured with a QD MPMS with a modulation field amplitude µ0Hac = 1 mT at a

frequency of 113.7 Hz. Ac susceptibility measurements at 20 mK were performed us-

ing an Oxford Instruments dilution refrigerator. Specific heat and electrical transport

measurements were performed in a QD Physical Property Measurement System.

5.3 Results

In YbIr3Ge7, the Yb atom occupies a trigonal point symmetry (3̄), and the J = 7/2

energy levels are split by the CEF in four Kramers doublets. While the CEF energy

levels for the Ce isostructural compound were determined from magnetic susceptibility

measurements and calculations [164, 165], the larger angular momentum of the Yb

leads to a corresponding Hamiltonian with six parameters in YbIr3Ge7, which can not

be fully solved with the data at hand. However, large CEF anisotropy in YbIr3Ge7 is

evidenced by the linear high-temperature inverse susceptibility H/(M−M0) shown in

Fig. 5.1(a), measured for field H ‖ [001] (blue symbols) and H ‖ [100] (red symbols).

The Curie-Weiss fit (solid line) of the average inverse susceptibility (purple) between

400 and 600 K yields the experimental effective moment µeff = 4.42µB/Yb, close to

the calculated value 4.54µB/Yb for Yb3+. The paramagnetic Weiss temperatures

along [100] and [001] are both negative, θ
[100]
W = −400 K and θ

[001]
W = −70 K, and

yield a first CEF parameter B0
2 = −1.6 meV [170], which is a measure of the strength

of the CEF anisotropy. Deviations from linearity below 300 K indicate that CEF

splitting exceeds this temperature range, similar to the large splitting observed in the

Ce analog. [164, 165]

Further insight into the low-temperature magnetic properties of YbIr3Ge7 comes

from the magnetic ac susceptibility shown in Fig. 5.1(b). Ac susceptibility measure-

ments reveal spontaneous magnetization below TC = 2.4 K for H‖ [100], indicative

of ferromagnetic order. This is indeed consistent with the transition moving up in

Reproduced from Ref. [114]. c©2019 American Physical Society
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temperature (vertical arrows, Fig. 5.1(b)) with increasing applied field. At zero field

the susceptibilities measured with Hac ‖ [100] and Hac ‖ [001] cross each other at

a temperature just above TC. This behavior is similar to that of the heavy fermion

ferromagnet YbNi4P2 and of all other KL ferromagnets which order along the hard

direction. [162, 124]

The temperature-dependent electrical resistivity in YbIr3Ge7 is typical of dense

KL systems, as shown in Fig. 7.2. Metallic behavior with a positive resistivity co-

efficient (dρ/dT > 0) is observed between 300 K and 40 K. On further cooling, the

resistivity shows a local minimum around 35 K, followed by a −lnT increase (dashed

line) down to a coherence maximum around 6 K for H = 0 (red open symbols, Fig.

7.2), reflecting the incoherent Kondo scattering behavior. A drop in resistivity is seen

as the temperature is further lowered through a magnetic phase transition around 2.4

K, as shown more clearly in a derivative plot in Fig. 5.6 in the Appendix. The resis-

tivity in applied magnetic field µ0H = 9 T (full symbols, Fig. 7.2) shows the partial

suppression of the Kondo effect and the FM fluctuations as the logarithmic increase

disappears and the local maximum moves up in temperature.

A closer look at the ordered state with T = 1.8 K magnetization isotherms (Fig.

7.4) confirms the H ‖ [100] ferromagnetic ordering (red closed circles), while the

magnetization shows crossing around µ0H = 0.15 T when H ‖ [001] (blue, open

symbols) and H ‖ [100] (red, full symbols): small spontaneous magnetization (left

inset) is observed for H ‖ [100], while the H ‖ [001] M(H) is nearly linear at low

H. A small magnetization hysteresis with a coercive field ≈ 6 mT is revealed at 20

mK in ac susceptibility measurements with H ‖ [100], best illustrated in the χ′(H)

plot (right inset). These features indicate that the FM ordering occurs with moments

along the CEF hard direction [100]. The field along the CEF easy direction [001]

rotates the moments to saturation without increasing much above 5 T, suggesting the

absence of a relevant Van Vleck contribution [157]. The saturation magnetization

Reproduced from Ref. [114]. c©2019 American Physical Society
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Figure 5.1 : (a) Inverse magnetic susceptibility H/(M−M0) vs. T with the polycrys-
talline average, Mavg = (M001+2M100)/3 (purple line) and Curie-Weiss fits between T
= 400 - 600 K (solid black lines) (b) Temperature-dependent ac magnetic susceptibil-
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of the ground state Kramers doublet for H ‖ [100] is reached at very small fields

with M sat
[100] ≈ 0.41µB whereas for H ‖ [001] is reached at fields larger than 4 T with

M sat
[001] ≈ 1.55µB. This yields a relatively large anisotropy factor of about 4. Therefore,

assuming anisotropic exchange interaction to explain the FM ordering with moments

along the CEF hard axis [171] seems unlikely in the case of YbIr3Ge7, because this

would necessitate an extremely large anisotropy for the exchange interaction. [172]

Further evidence of the FM order in YbIr3Ge7 is shown by the specific heat (Fig.

5.4), marked by the peak at TC = 2.4 K, consistent with the magnetization and

resistivity derivatives (Fig. 5.6). As T → 0, an enhanced electronic specific heat

coefficient γ0 ∼ Cp
T
≈ 300 mJ/mol·K2 is observed in YbIr3Ge7 (red), while the

corresponding γ0 for the nonmagnetic analog LuIr3Ge7 (black line) is, as expected,

< 5 mJ/mol K2. We note that convergence between YbIr3Ge7 and the nonmagnetic

analog does not occur up to 20 K. This is caused by an additional contribution to the

specific heat of YbIr3Ge7 from population of the first excited crystal field level. Deter-

mination of the crystal electric field levels is left to future inelastic neutron scattering

experiments. The mass renormalization and the small magnetic entropy release at

TC, Smag ∼ 17% (Fig. 5.4(b)), suggest Kondo lattice formation in YbIr3Ge7, with

a Kondo temperature TK ∼ 14 K estimated from Smag(0.5TK) = 0.5 R ln2. This TK

estimate is in line with the temperature region where the resistivity exhibits Kondo

resonance. YbIr3Ge7 thus appears to be a rare Yb-based KL ferromagnet with hard

axis moment ordering, and the first such compound crystallizing in a rhombohedral

lattice.

5.4 Discussion and Conclusion

In Yb-based KLs, the development of FM order away from the CEF easy axis

has been revealed in several compounds with different structures, and a wide range

Reproduced from Ref. [114]. c©2019 American Physical Society
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of TC, from 0.15 K in YbNi4P2 [155] to 15 K in CeRuPO [152], while TK ranges

from 7 K in CeRuPO [152] up to 30 K in YbRhSb. [145] While YbIr3Ge7 has a

three-dimensional crystal structure, YbNi4P2 is quasi-one-dimensional. This implies

that the dimensionality of magnetic interactions and the relative magnitude of the

magnetic and Kondo energy scales, i.e., the position in the Doniach phase diagram

[132], have little to no effect on the FM order along the hard axis in these Kondo

ferromagnets.

Krüger et al. [141] proposed a theoretical model to account for the hard axis

ferromagnetic order: they suggested that magnetic order along the hard axis can

maximize the phase space for spin fluctuations in the easy plane, leading to a mini-

mum in free energy. This is supported by the broadness of the specific heat peak (Fig.

5.4), hinting at the presence of critical fluctuations. In systems with a very strong

easy-axis anisotropy, fluctuation-induced order might not appear and the transition

would be mean-field, as was observed in CeTiGe3 (anisotropy factor of 10). [142]

Although YbIr3Ge7 shows a relatively high easy-axis anisotropy of a factor of 4,

this is not strong enough to suppress fluctuations and the mechanism described by

Krueger et al. might hold. Furthermore, a comparison of YbIr3Ge7 with the other

isostructural Yb compounds is called for: YbIr3Si7 [106] and YbRh3Si7 [113] are both

recently discovered highly anisotropic Kondo lattice systems, with hard axis ferro-

magnetic correlations in the former, and antiferromagnetic ground state in the latter

as suggested by neutron scattering, with a small remanent magnetization of about

0.15µB/Yb along the [100] direction. Beyond the KLs showing hard axis ordering,

several other strongly correlated FMs [124] reveal that magnetic order away from the

CEF easy axis is not an exception, but rather a frequent enough occurrence to war-

rant a thorough theoretical investigation. The “1-3-7” compounds (YbIr3Ge7 with

ferromagnetic order and YbIr3Si7 with ferromagnetic correlations [106], together with

the antiferromagnet YbRh3Si7 [113]) have the Yb ions in the lowest point symmetry

Reproduced from Ref. [114]. c©2019 American Physical Society
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(trigonal) of all these KL compounds. With CEF effects inherently tied to the point

symmetry of the magnetic moment, the observation of magnetic order away from the

easy axis in different point symmetry cases underlines the difficulty of a generalized

theory, which is left to a separate thorough theoretical study.

In conclusion, we report the discovery of a KL compound YbIr3Ge7 that shows

FM ordering at TC = 2.4 K, with the moment lying along the CEF hard direction.

With a rhombohedral crystal lattice, this material expands this class of systems to

include a new crystal structure. With relatively small TC and TK, YbIr3Ge7 is an

ideal candidate to study FM QCP by chemical substitution, and to further develop

existing theories to explain FM KL compounds.

5.5 Appendix

5.5.1 Synthesis and Crystallography

Single crystals of YbIr3Ge7 were grown by assembling elemental Yb, Ir, and Ge in

an atomic ratio of 10 : 15 : 75 in an alumina crucible fitted with an alumina strainer

and capped with an alumina crucible to contain the decanted flux. This assembly

was filled with 1/3 atm of Ar and heated to 1200◦C until the elements melted and

homogenized. The molten metal was cooled to 960◦C at 3.4◦C/hr and centrifuged to

obtain millimeter-scale single crystals.

Reproduced from Ref. [114]. c©2019 American Physical Society



79

Figure 5.5 : (a) Room temperature powder x-ray diffraction pattern for YbIr3Ge7

(black symbols) together with the calculated pattern (red line), their difference (violet
line), and calculated peak positions (blue vertical lines) using space group R3̄c. Inset
shows the coordination environment of the Yb ions (orange) with neighboring Ge
atoms (blue), where the trigonal 3̄ symmetry of the Yb ion is emphasized.
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Table 5.1 : Crystallographic parameters of YbIr3Ge7 single crystals at T = 299 K
(R3̄c).

Formula YbIr3Ge7

a (Å) 7.8062(10)

c (Å) 20.621(5)

V (Å3) 1088.2(4)

Crystal dimensions (mm3) 0.02 x 0.04 x 0.06

θ range (◦) 3.6 - 30.4

Extinction coefficient 0.000107(13)

Absorption coefficient (mm−1) 94.87

Measured reflections 7380

Independent reflections 374

Rint 0.046

Goodness-of-fit on F 2 1.20

R1(F ) for F 2
o >2σ(F 2

o )a 0.017

wR2(F 2
o )b 0.033

aR1 =
∑
||Fo| - |Fc|| /

∑
|Fo|

bwR2 = [
∑

[w(F 2
o – F 2

c )2] /
∑

[w(F 2
o )2]]1/2

Table 5.2 : Atomic positions, Ueq values, and occupancies for single crystals of
YbIr3Ge7.

Atom x y z Ueq (Å2)a Occupancy

Yb 0 0 0 0.00652(14) 1

Ir 0.31885(3) 0 1
4

0.00321(11) 1

Ge1 0.54369(8) 0.68054(8) 0.03056(2) 0.0050(2) 0.970(3)

Ge2 0 0 1
4

0.0048(4) 0.911(6)

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.
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Chapter 6

Charge density wave behavior and order-disorder

in the antiferromagnetic metallic series

Eu(Ga1−xAlx)4

6.1 Introduction

The interplay of structural, magnetic, and electronic properties of rare earth based

intermetallics often results in emergent phenomena and competing ground states, such

as unconventional superconductivity, heavy fermion behavior, intermediate valence,

and quantum criticality. [173] Particularly, pressure, magnetic field, or chemical

doping in Ce and Yb compounds in their magnetic or nonmagnetic sublattices has

been extensively used to tune the balance between their versatile ground states. [174,

175, 176] Comparatively less work has been done to explore the effects of pressure

or doping in Eu-based intermetallics, even though Eu presents similar opportunities

to tune the ground state through valence fluctuations between magnetic Eu2+ and

nonmagnetic Eu3+ ions. [177] In this study, we explored the effects of isovalent doping

in the Eu(Ga1−xAlx)4 series, motivated by the wide range of apparently conflicting

results observed when tuning the properties of the end compounds EuGa4 and EuAl4.

Previous studies on single crystals of the stoichiometric compounds EuGa4 and

EuAl4 revealed that the two show similar magnetic behavior, with antiferromagnetic

(AFM) ordering and very similar Neél temperatures TN = 15 K and 15.4 K, re-

spectively. [178, 179, 180] The compounds are isostructural, forming in a tetragonal

Reproduced from Ref. [60]. c©2018 American Physical Society
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crystal structure consisting of two distinct transition metal sites, forming a covalently-

bound anionic framework with divalent body-centered cations. The structural and

magnetic similarities between these two compounds may be easily understood con-

sidering the chemical similarities of Ga and Al: they are isovalent, with very close

covalent radii of 1.22 Å and 1.21 Å, respectively. [181] However, drastic differences

have also been noted with either doping or applied pressure, which cannot be readily

explained. While no evidence for mass renormalization has been reported in EuAl4,

electrical resistivity measurements have suggested heavy fermion behavior in EuGa4.

[179, 180] At ambient pressure, a plausible charge density wave (CDW) was reported

for EuAl4 below T ∗ = 140 K, and increasing pressure suppressed T ∗ to zero for p

= 2.5 GPa. However, in EuGa4, a plausible CDW is observed only under applied

pressure, with T ∗ = 105 K for p = 0.75 GPa, which subsequently increased to 160 K

for p = 2.15 GPa. Doping EuM4 (M = Ga or Al) on either the magnetic (Eu) or non-

magnetic (M) sublattice has also shown notable changes in the magnetic, electronic,

and crystallographic properties. When Eu is substituted by Yb in (Eu0.5Yb0.5)Ga4,

TN is suppressed to 13 K. [182] On the other hand, doping EuGa4 in the nonmagnetic

sublattice has shown that the AFM order is suppressed to TN = 9.6 K and 6.3 K in

polycrystalline Eu(Ga1−xAx)4 (A,x) = (Mg,0.14) or (Li,0.18), respectively. [183] In

contrast, EuAl4 doped with Si resulted in ferromagnetic (FM) order below TC =17 K

in Eu(Al0.75Si0.25)4. [184]

The versatile interplay between spin and charge degrees of freedom in EuM4 mo-

tivates the current systematic study of the solid solution between the Ga and Al end

compounds in the series Eu(Ga1−xAlx)4 with x = 0 to 1. Such a substitution should

minimize the chemical effects brought about by doping, since replacing Ga with iso-

electronic and similarly-sized Al does not change the electron count or the volume

of the unit cell (and hence the chemical pressure). Thermodynamic and transport

Reproduced from Ref. [60]. c©2018 American Physical Society
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measurements on Eu(Ga1−xAlx)4 single crystals reveal strong correlations between

the structural, magnetic, and electronic properties. The compounds remain tetrag-

onal with space group I4/mmm at room temperature for the whole doping range,

with Ga and Al preferentially occupying one or the other of the two transition metal

element sites. Remarkably, for x = 0.50, the two transition metals fully separate into

two sublattices and form an ordered structure EuGa2Al2 with a minimum unit cell

volume in the series. This, in turn, favors the occurrence of a plausible CDW state

at ambient pressure at T ∗ = 51 K, while TN is maximum in this composition at ∼

20 K. These results should be contrasted with those from isoelectronic doping (Ca2+

or Sr2+) or hole doping (La3+) [185] in EuGa4 on the magnetic sublattice, where in

some cases structural distortions preclude the occurrence of a CDW transition down

to 2 K.

6.2 Experimental Methods

Single crystals of Eu(Ga1−xAlx)4 were grown by a self-flux technique. Elemental

metals were assembled in alumina crucibles with a 1:9 ratio of Eu:Ga/Al. In a typical

growth, the metals were melted and homogenized at 900◦C and cooled to 700◦C at

3◦C/hour in an inert argon atmosphere. Single crystals were separated from the

flux using centrifugation through an alumina strainer placed between the crucibles.

Powder x-ray diffraction was performed at ambient and low temperatures using a

Bruker D8 Advance equipped with a Bruker MTC-LOWTEMP sample stage with Cu

Kα radiation. Rietveld refinements were done using the FullProf program suite. [126]

Single crystal x-ray diffraction was performed using a Bruker Apex II diffractometer

or a Rigaku SCX Mini diffractometer with Mo Kα radiation. Integration of raw frame

data was done using Bruker Apex II software or CrystalClear 2.0. Refinement of the

diffraction data was performed using XPREP and ShelXTL software packages.

Reproduced from Ref. [60]. c©2018 American Physical Society
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Electron microprobe analysis (EMPA) was performed using a Cameca SX-100

electron probe microanalyzer with a wavelength-dispersive spectrometer. An acceler-

ating potential of 15 kV and a beam current of 20 nA in a 1 µm fixed beam were used

to collect elemental intensities from 15 representative points on a polished surface of

each crystal. The composition of each crystal was determined using the averages and

standard deviations of the elemental intensities of Eu, Ga, and Al. The elemental

intensities of Eu and Ga were determined from a standard sample of EuGa4, and the

elemental intensity of Al was similarly determined from a standard sample of Al2O3.

Chemical formulas for each crystal were calculated assuming 5 atoms per formula

unit and full occupancy of the Ga/Al site. The compositions obtained from EMPA

and single crystal XRD free variable refinement were used to determine the doping

fractions reported throughout this work with an error of ±3% in the composition.

Single energy images, elemental maps, and Eu M5,4-edge x-ray absorption spectra

(XAS) were acquired using the scanning transmission x-ray microscope instrument at

the spectromicroscopy beamline 10ID-1 at the Canadian Light Source according to

data acquisition methodology described previously. [186, 187] Samples were prepared

by grinding crystals of the analyte into a fine powder with a mortar and pestle and

brushing the powder onto carbon support films (3-4 nm carbon, Electron Microscopy

Sciences) with a fiber, which arranged a large number of micron-sized particles in a

compact area suitable for Eu M5,4-edge XAS.

DC magnetic susceptibility measurements were performed using a Quantum De-

sign Magnetic Properties Measurement System. Heat capacity measurements were

performed by adiabatic thermal relaxation technique using a Quantum Design Phys-

ical Properties Measurement System (PPMS). Temperature-dependent ac resistivity

measurements were performed using a Quantum Design PPMS with the current i =

2 mA and f = 462.02 Hz for a duration of 7 seconds with i||ab.

Reproduced from Ref. [60]. c©2018 American Physical Society
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6.3 Results

6.3.1 X-ray Diffraction

Single crystals of Eu(Ga1−xAlx)4 with dimensions of approximately 3 x 2 x 1 mm3

were grown for x = 0, 0.18, 0.33, 0.50, 0.68, and 1. Powder x-ray diffraction at 300 K

indicates that all crystals in this series crystallize in the tetragonal I4/mmm space

group. A typical Rietveld analysis is shown for x = 0.50 in Fig. 6.1, indicating no

significant flux inclusions or impurity phases. Temperature-dependent powder x-ray

diffraction measurements (Appendix Fig. 6.7) on EuAl4 at T = 300 K and 93 K

confirm that the tetragonal crystal structure is preserved down to low temperatures

with no structural phase transition, as was reported in some isostructural BaAl4-type

structures. [188] Single crystal x-ray refinements confirm the I4/mmm space group

in all compounds reported herein and indicate full occupancy of all lattice sites. In

EuGa4 and EuAl4, the Ga and Al atoms occupy two inequivalent crystallographic

sites corresponding to the 4d site, M(1), at (0, 1
2
, 1

4
) and the 4e site, M(2), at (0, 0,

z). Upon substituting Ga for Al, a clear site preference is shown: Al fully occupies

the 4d site before occupying the 4e site. Diffraction data for single crystal x-ray

refinements can be found in the Appendix in Table I.

6.3.2 Physical Properties

Eu M5,4-edge x-ray spectromicroscopy was used to probe electronic structure and

bonding in selected samples of Eu(Ga1−xAlx)4 with x = 0, 0.18, 0.50, and 1. In

general, each of the Eu M5- and M4-edges exhibits characteristic multiplet splitting

patterns with fine structure that closely resembles expectations from earlier Eu M5,4-

edge studies of divalent Eu compounds. [189, 19] Preliminary calculations in the

atomic limit for Eu2+ that described transitions from 3d104f 7 to 3d104f 8 states also

Reproduced from Ref. [60]. c©2018 American Physical Society
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Figure 6.1 : Powder x-ray diffraction (black symbols) of a doped single crystal of
Eu(Ga1−xAlx)4 with x = 0.50 indicates that this crystal (and all crystals in this doped
series) crystallizes in the I4/mmm space group with no significant flux inclusion or
impurity phases. The red line is the diffraction pattern calculated from Rietveld
refinement and the blue ticks are the calculated peak positions. The orange line is
the difference between the measured points and the calculated diffraction. The left
inset is a picture of a crystal with each square = 1 mm x 1 mm, and the right inset
shows the tetragonal crystal structure.
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reproduced the salient features of the experimental spectra, including the high energy

shoulders observed at approximately 1132.5 eV as shown in Appendix Fig 6.8. Hence,

the Eu M5,4-edge spectra support a ground state Eu2+ valence formulation for each

Eu(Ga1−xAlx)4 compound, and no evidence for mixed valence character was detected.

Previous reports showed AFM order in EuGa4 and EuAl4 at TN = 15 K and

15.4 K, respectively, and the appearance of spin reorientation transitions in EuAl4.

[178, 180] However, in the doped series Eu(Ga1−xAlx)4 it appears that, as Al replaces

Ga(1) at the 4d site, multiple spin reorientation transitions occur, while TN changes

non-monotonously with x. Magnetic susceptibility measurements with H‖ab and H‖c

are shown in Figs. 6.2(a) and 6.2(b). As many as three magnetic transitions occur

down to 1.8 K in x = 0.50 and x = 1. The magnetic transition temperatures were

determined from the temperature derivative of magnetization d(MT )/dT and Cp(T )

data. [190] Even though the end compounds order at virtually identical TN values,

it appears that the ordering temperature is significantly enhanced at intermediate

compositions, and is maximum at TN = 19.0 K near the ordered structure at x =

0.50 (purple, Fig. 6.2). A summary of the magnetic transition temperatures for these

compounds is given in Appendix Table II.

High-temperature inverse magnetic susceptibility H/(M −M0) indicates Curie-

Weiss behavior across the series as H/(M −M0) are linear (Fig. 6.2(c)) above ∼ 25

K. The temperature-independent contribution to the magnetic susceptibility M0 was

subtracted in the case of EuGa4. The linear fits are used to determine the effective

magnetic moment peff and Weiss temperatures θW, and these are listed in Appendix

Table II. The peff values are comparable to the theoretical ptheoryeff = 7.94 for Eu2+,

while the θW values are positive and close to the TN temperatures for the whole series.

Positive θW values are indicative of FM correlations, which were also observed in an

isostructural compound EuRh2Si2. [191]

Reproduced from Ref. [60]. c©2018 American Physical Society
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No crystal electric field (CEF) effects are expected for Eu2+ ions, and this is

indeed consistent with identical H‖ab and H‖c high temperature curves, with the

x = 0.50 data shown in Fig. 6.2(c) as an example. However, in the ordered state,

slight differences in (M−M0)/H are observed due to the moment orientation relative

to the applied field below 50 K, as shown in Figs. 6.2(a) and 6.2(b). This is even

better evidenced by the anisotropic M(H) isotherms measured at T = 1.8 K (Figs.

6.3(a) and 6.3(b). The magnetization saturation for all measured compounds, except

x = 0, is 7 µB/Eu2+, as expected for the J = 7/2 Hund’s rule ground state multiplet.

EuGa4 (black squares, Figs. 6.3(a) and 6.3(b) appears to approach saturation slightly

above the 7 T maximum field for these measurements. As Al replaces Ga across the

Eu(Ga1−xAlx)4 series, metamagnetic (MM) transitions are observed for x = 0.33,

0.50, 0.68, and 1 with crystallographic anisotropy. Figure 6.3(c) shows an example of

how the MM critical fields were determined from the peaks in dM/dH. As expected,

the number of MM transitions at low T (Fig. 6.3, T = 1.8 K) coincides with the

number of transitions in the low H magnetic susceptibility (Fig. 6.2).

Specific heat measurements (Fig. 6.4) confirmed the presence of multiple magnetic

transitions in these compounds, with the transition temperatures consistent with

those derived from temperature-dependent magnetization measurements. Nakamura

et al. argued for heavy fermion behavior in EuGa4 based on a Fermi liquid relation

between the measured quadratic resistivity coefficient A and the calculated electronic

specific heat coefficient γ with a modest mass renormalization from γ = 138 mJ/mol

K2. [180] However, our low temperature CP/T data show no evidence for strong mass

renormalization in any of the Eu(Ga1−xAlx)4 compounds (x = 0−1), as shown in the

inset of Fig. 6.4.

No Kondo correlations are present in theH = 0 electrical resistivity of Eu(Ga1−xAlx)4

(Fig. 6.5). For all x values, the high temperature resistivity decreases with T , until

Reproduced from Ref. [60]. c©2018 American Physical Society
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loss of spin disorder scattering at TN is marked by an abrupt drop. The residual re-

sistivity ratios RRR = ρ(300K)/ρ0 (listed in Appendix Table II) with ρ0 = ρ(2K) are

an order of magnitude larger for the end compounds (x = 0 and 1) compared to the

doped samples. Remarkably, we observed a sharp resistivity increase occurring for x

= 0.50 and 1 around 51 and 140 K, respectively. In the latter compound, Nakamura

et al. [180] associated the resistivity increase at 140 K with a CDW-like transition.

Notably, such a transition appears in Eu(Ga1−xAlx)4 only for x = 0.50, where (i)

x-ray diffraction indicates an ordered structure, with Ga and Al fully occupying the

two separate sublattices to form EuGa2Al2, and (ii) resistivity measurements reveal

the lowest residual resistivity ρ0 and an enhanced RRR value compared to all other

doped (disordered) samples.

6.4 Discussion and Conclusions

Given the chemical similarities between Ga and Al (isoelectronic, similar covalent

radii of 1.22 Å and 1.21 Å, respectively [181]), no substantive differences in crystal-

lographic or physical properties are expected between the isostructural EuGa4 and

EuAl4 compounds. However, as Al replaces Ga in Eu(Ga1−xAlx)4, the magnetic,

electronic, and structural properties change non-monotonously: (i) As shown in Fig.

6.6a, a maximum TN occurs in x = 0.50. This is the result of the minimum Eu−Eu

ion spacing in this composition as evidenced by the non-linear change in the a lat-

tice parameter and unit cell volume (squares and diamonds, respectively, Fig. 6.6b),

which are minimum for x = 0.50, while c (triangles) increases linearly from x = 0

to 1. The ground state across the series is AFM (Fig. 6.2), even though the spin

correlations appear FM (θW > 0, θW ∼ TN). In the absence of frustration or CEF

effect, magnetic order is likely a result of strong next-nearest-neighbor interactions

Reproduced from Ref. [60]. c©2018 American Physical Society
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(with exchange coupling J2 > 0), in addition to the nearest neighbor Rudermann-

Kittel-Kasuya-Yosida coupling (exchange coupling J1 < 0), such that J2 > |J1| [192].

This is consistent with the proposed magnetic structure of EuGa4, where intra-plane

Eu magnetic moments are thought to couple ferromagnetically, while inter-plane Eu

magnetic moments couple antiferromagnetically. [191] (ii) The observation of a pos-

sible CDW transition in Eu(Ga1−xAlx)4 with x = 0.50 and 1 may stem directly from

the ordered structure, considering the evidence for full site separation for Ga and Al

in the x = 0.50 compound. This, however, does not explain the lack of a CDW in

the x = 0 (also ordered) analogue, even though applied pressure appeared to induce

such a transition. [179] Additional qualitative differences exist even in the pressure-

dependence of the plausible CDW transition in EuGa4 and EuAl4. According to the

change in lattice parameters shown in Fig. 6.6(b), it seems that Al substituting for

Ga acts as positive pressure, resulting in the occurrence of a CDW at x = 0.50 in

Eu(Ga1−xAlx)4, similar to the behavior in EuGa4 under applied pressure. (iii) Most

notable of the non-monotonous trends in this series is the minimum in the in-plane

lattice parameter a at x = 0.50 compared to the linear increase in c across the entire

series (Fig. 6.6(b)). In order to explain this non-linear structural trend, density func-

tional theory (DFT) calculations with the local density approximation (LDA) were

carried out in the linear muffin tin orbital tight binding atomic spheres approximation

(LMTO-TB-ASA) to probe the bonding character between Al and Ga in the doped

compounds.

DFT calculations were performed for x = 0, 0.50, and 1. To avoid complications

arising from the unpaired f electrons of Eu2+, Sr2+ was substituted as an analog in the

calculations. In order to ensure that the non-linear changes in a were associated solely

with the Ga−Al bonds and not the Eu atoms, single crystals of SrGa4, SrGa2Al2, and

SrAl4 were grown from self-flux, and their lattice parameters were measured from

Reproduced from Ref. [60]. c©2018 American Physical Society
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Figure 6.6 : (a) Left: Increasing x corresponds to a non-monotonic change in TN

(orange circles) that could be associated with changes in lattice parameters a and c.
Right: RRR values (purple down triangles) calculated from resistivity measurements
show the low amount of disorder in the end compounds and the decreased disorder
in x = 0.50 compared to other doped compounds in the series. (b) Left: Lattice
parameters a (black squares) and c (red triangles) as a function of doping fraction x
indicating a linear change in c and a non-linear change in a with increasing x resulting
in a local minimum. Right: Unit cell volume V (blue diamonds) as function of x. (c)
Left: Bond distances between atoms located at the M(1)−M(2) (red left triangles)
and M(2)−M(2) (black hexagons) crystallographic sites remain constant up to x =
0.50 but increase from x = 0.50 to 1. Right: The tetrahedral bond angle between
M(1)−M(2)−M(1) atoms (blue open circles) decreases up to x = 0.50 and remains
constant from x = 0.50 to 1. All dashed lines are guides to the eye.
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powder x-ray diffraction (shown in Appendix Fig. 6.9). Trends in lattice parameters

similar to those in the Eu analogues were observed, with a minimized in SrGa2Al2 and

c increasing linearly from SrGa4 to SrAl4. As expected from the isoelectronic nature

of the series, all three band structures are qualitatively very similar (Appendix Fig.

6.10). However, analysis of the electron distribution extracted from the integrated

density of states (DOS) up to EF reveals substantive differences between the end

compounds and the x = 0.50 composition: there is charge transfer from the M(1)

to the M(2) site as the composition approaches x = 0.50 from both end compounds,

such that the M(1) [M(2)] electron density is minimum [maximum] for x = 0.50 (see

Appendix Table III). This maximum charge transfer manifests when the two M sites

are preferentially occupied by M(1) = Al and M(2) = Ga, implying an enhanced

polarization of the M(1)−M(2) covalent bond at x = 0.50 compared to both x = 0

and 1. Despite the similar trends toward less polarization in the Al-rich and Ga-rich

compounds, the increased polarization from x = 0 to x = 0.50 prevents bond length

expansion (as M(1) is replaced by Al but M(2) remains occupied by Ga), but then

polarization is reduced again from x = 0.50 to x = 1 (as M(2) is also replaced by

Al), resulting in a greater increase in bond lengths.

This unexpected deviation from Vegard’s law [193] can be further explained by

examining the trends in the M(1) −M(2) and M(2) −M(2) bond lengths and the

M(1)−M(2)−M(1) bond angle, where M = Al or Ga. As shown in Fig. 6.6(c), as

Al occupies the M(1) site up to x = 0.50, the bond distance between M(1) and Ga(2)

remains relatively unchanged. However, the bond angle M(1)−Ga(2)−M(1) in the

Ga-centered tetrahedron decreases linearly up to x = 0.50. These crystallographic

trends acting together expand the c lattice parameter while simultaneously contract-

ing the a lattice parameter to a minimum. As Al substitutes Ga in the M(2) site up

to x = 1, a different trend emerges. Here we observe that the tetrahedral bond angle

remains constant while the bond lengths between Al(1)−M(2) and M(2)−M(2) in-

Reproduced from Ref. [60]. c©2018 American Physical Society
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crease, thus leading to both lattice parameters a and c increasing. These behaviors

are likely caused by the greater electronegativity of Ga, which renders the Ga-Ga

bonds more polarized.

In summary, we have observed that although Ga and Al are very similar in their

valence and size, the substitution of Ga with Al in the doped system Eu(Ga1−xAlx)4

produces striking and unexpected magnetic, electronic, and structural transitions.

The substitution of Ga with Al up to x = 0.50 decreases a to a minimum and ap-

pears to increase the ferromagnetic interactions in the system, resulting in higher TN

and multiple magnetic transitions. Additionally, temperature-dependent ρ(T ) mea-

surements show pronounced changes in electronic transport as manifested by CDW

formation in Eu(Ga1−xAlx)4 for x = 0.50 and 1. The CDW behavior is markedly dif-

ferent between EuAl4 and EuGa4, and chemical and hydrostatic pressure can be used

as tools to elucidate the factors contributing to the CDW formation in this series.

Future studies will aim to distinguish between the effects of doping in the magnetic

versus the nonmagnetic sublattice in EuGa4 and to explore the effects of hole-doping,

positive chemical pressure, and disorder on the magnetic and electronic properties of

EuGa4.

6.5 Appendix

Further details of the crystal structures in CIF format for Eu(Ga1xAlx)4 with x

= 0 - 1 may be obtained from FIZ Karlsruhe. [194] A summary of crystallographic

data obtained from single crystal x-ray refinements for x = 0 - 1 is shown in Table I.

Thermodynamic data obtained from magnetization and transport measurements can

be found in Table II. To confirm that the anomalous resistivity behavior in EuAl4 is

not due to a structural phase transition, powder x-ray diffraction was performed at

Reproduced from Ref. [60]. c©2018 American Physical Society
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Figure 6.7 : Powder x-ray diffraction of EuAl4 performed at 300 K (red line) and
93 K (black line). This indicates that the tetragonal space group is preserved above
and below the CDW-like transition, and the anomaly in resistivity is not caused by
a structural phase transition. Gray bars indicate large background peaks from the
metal sample holder and stars indicate the presence of small amounts of Al flux.

300 K and below T at 93 K. The diffraction patterns at both temperatures shown in

Fig. 6.7 are consistent with the tetragonal crystal structure of EuAl4, indicating that

a phase transition does not occur above 93 K and the charge density wave behavior

is not caused by a structural phase transition. The gray bars in this figure indicate

the large background peaks contributed by the metal sample holder.

Reproduced from Ref. [60]. c©2018 American Physical Society
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To confirm the fully divalent character of the Eu ions, Eu M5,4-edge x-ray spec-

tromicroscopy was used to probe electronic structure and bonding in selected samples

of Eu(Ga1−xAlx)4 for x = 0, 0.18, 0.50, and 1. As shown in Fig. 6.8, the M5,4-edge

spectra are split by approximately 27.5 eV into low energy M5 (3d5/2) and high en-

ergy M4 (3d3/2) edges due to spin-orbit coupling with the 3d core hole. The Eu

M5,4-edge coincides with the onset of the Ga L3,2-edge and, for smaller values of

x, additional features are apparent and superimposed onto the Eu M5,4-edges. The

STXM instrument at the spectromicroscopy beamline 10ID-1 at the Canadian Light

Source features an elliptically polarizing undulator that deliver photons in the 130

to 2700 eV range [195] to an entrance slitless variable included angle plane-grating

monochromator, and the Eu M5,4-edge spectral energy resolution was estimated at ±

0.2 eV. Because the density of Eu(Ga1−xAlx)4 compounds is high, small particle sizes

on the order of 0.25 to 1 µm2 were typically selected using STXM to ensure that the

Eu M5,4-edge spectra were in the linear regime of the Beer-Lambert law. Multiple

spectra from different particles and beam runs were collected and then averaged to

improve data quality and signal to background ratio. The Eu M5,4-edge data were

analyzed in IGOR PRO 7 by first fitting a line to the pre-edge region below 1124

eV, which was subsequently subtracted from the experimental data to eliminate the

background of the spectrum. The data were then normalized by fitting a line to

the post-edge region of the spectrum above 1164 eV and setting the edge jump to

an intensity of 1.0. Multiplet calculations were implemented as described previously

[186, 196, 197] using CTM4XAS, which is a program based on the original code by

Cowan [198] and further developed by de Groot. [199, 200]

To determine the underlying cause of the nonlinear change in bond lengths as

Al is substituted for Ga in Eu(Ga1−xAlx)4, DFT calculations with the LDA were

carried out in the LMTO-TB-ASA implementation for x = 0, 0.50, and 1. To avoid

complications arising from the unpaired f electrons of Eu2+, Sr2+ was substituted

Reproduced from Ref. [60]. c©2018 American Physical Society
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Figure 6.8 : Experimental Eu M5,4-edge spectra of Eu(Ga1xAlx)4 and configuration
interaction calculation in the atomic limit for Eu2+. Ga L3,2-edge features emerge
with decreased values of x.
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as an analog in the calculations. To confirm the validity of this substitution, single

crystals of SrGa4, SrAl2Ga2, and SrAl4 were grown using a self-flux technique as

described previously, and the identity of each crystal was confirmed with powder x-

ray diffraction. Figure 6.9 indicates that the Sr analogs of the Eu(Ga1−xAlx)4 series

showed a comparable nonlinear trend in the a lattice parameter, thus justifying their

use as analog compounds in these calculations. As expected given the isoelectronic

nature of the series, all three band structures are qualitatively very similar, as shown

in Fig. 6.10. All bands have significant bandwidth with two non-symmetry-protected

Dirac crossings near the Fermi level. Nonetheless, analysis of the electron distribution

extracted from the integrated DOS up to EF provides insight into the polarization

between the M(1)-M(2) and M(2)-M(2) bonds as illustrated in Table III.

Reproduced from Ref. [60]. c©2018 American Physical Society
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Figure 6.10 : Band structure calculations for SrGa4, SrAl2Ga2, and SrAl4. Sr2+ is used
as a substitute for Eu2+ to avoid complications arising from unpaired 4f electrons.
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Table 6.1 : Crystallographic data for single crystals of Eu(Ga1−xAlx)4 (space group
I4/mmm). Values for x were determined from EMPA.

Parameter x = 0 x = 0.18 x = 0.33 x = 0.50 x = 0.68 x = 0.1

x from free variable xxxx

refinement
0 0.15 0.31 0.47 0.68 1

a (Å) 4.3904(7) 4.381(3) 4.3551(9) 4.3301(7) 4.3429(13) 4.4113(9)

c (Å) 10.6720(18) 10.757(7) 10.833(2) 10.9253(17) 11.018(3) 11.204(3)

V (Å) 205.71(7) 206.5(3) 205.47(9) 204.85(7) 207.80(14) 218.02(11)

Absorption xxxxxxxxx

coefficient (mm−1)
40.640 36.87 32.93 29.14 23.57 14.968

Measured reflections 1656 969 1734 1725 1769 1722

Independent reflections 137 92 138 139 139 140

Rint 0.036 0.031 0.022 0.017 0.047 0.048

Goodness of fit on F 2 1.23 1.20 1.28 1.20 1.12 1.529

R1(F ) for F 2
o > 2σ(F 2

o )a 0.014 0.024 0.012 0.009 0.015 0.018

wR2(F 2
o )b 0.037 0.057 0.029 0.021 0.025 0.038

Extinction coefficient 0.0127(11) 0.0022(13) 0.0103(9) 0.0019(5) 0.0019(8) 0.0057(15)

Temperature (K) 90 90 90 90 90 188

aR1 =
∑
||Fo| - |Fc|| /

∑
|Fo|

bwR2 = [
∑

[w(F 2
o – F 2

c )2] /
∑

[w(F 2
o )2]]1/2
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Table 6.2 : Summary of magnetic and transport properties in Eu(Ga1−xAlx)4.

TN (K)a TN (K)b TN (K)c Hc1 (T) Hc1 (T)

T2 (K)a T2 (K)b T2 (K)c M0/H θw Hc2 (T) Hc2 (T) T ∗

x T3 (K)a T3 (K)b T3 (K)c peff (emu/molEu) (K) H‖ab H‖c RRR (K)

0 15.9 15.9 16.2 8.13 0.0015 6.64 >7 >7 54

13.3 0.6 1

0.18 12.4 12.4 12.7 7.91 0 11.16 4.0 4.3 3.6

8.4 8.9

0.33 14.9 14.9 15.4 8.15 0 12.26 2.5 3.3 1.4

12.9 13.4 13.6 2.4

1.0

0.50 17.4 18.4 19.0 7.96 0 22.59 1.5 2.4 6.1 51

15.4 14.9 15.6 0.6 1.6

10.4 10.9 10.9 0.3 1.0

0.68 18.4 18.4 19.1 8.23 0 17.82 1.4 2.1 4.9

15.9 15.9 16.4 0.9 1.5

0.2 0.5

1 14.9 14.4 15.2 7.98 0 15.02 1.6 1.8 70 141

12.4 11.9 13.3 1.4 1.3

10.4 10.4 12.3 1.0

aFrom d(MT )/dT with H‖ab.
bFrom d(MT )/dT with H‖c.
cFrom CP (T ).
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Table 6.3 : Analysis of the electron distribution extracted from the integrated density
of states up to EF provides insight into the polarization of the Ga-Al bonds. In
contrast to both end members, in SrAl2Ga2 there is increased charge transfer to the
M(2) site. This charge transfer manifests only when M(1) = Al and M(2) = Ga,
implying an enhanced polarization in the M(1) - M(2) covalent bonds in SrAl2Ga2.

Compound e−/M(1) e−/M(2)

SrGa4 5.70 4.40

SrAl4 5.63 4.40

SrAl2Ga2 5.50 4.70

SrGa4 (with SrAl2Ga2 xxx

structure parameters)
5.56 4.40

SrAl4 (with SrAl2Ga2 xxx

structure parameters)
5.75 4.30
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Chapter 7

Size, disorder, and charge doping effects in the

antiferromagnetic series Eu1−xAxGa4 (A = Ca, Sr,

or La)

7.1 Introduction

The polar intermetallic compounds of the canonical BaAl4 structure type have

been explored to study the bonding in the anionic, covalent sublattice of group 13 or

14 metals and its relationship to the alkali, alkaline earth, or rare earth sublattice.

[45, 201, 46, 44] The chemical diversity of this group of compounds has ushered

in a variety of physical properties that can be designed and tuned, thus providing

a template to understand the structure-function relationship. When the cationic

sublattice is composed of magnetic rare earth ions, we can particularly examine the

role of magnetic Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions on the long-

range magnetic order of the compound and how this order might be perturbed by

introducing structural, chemical, or electronic variance into the lattice.

EuGa4 is a member of this structural family and has been investigated for its

unique magnetic and electronic properties. The fully divalent Eu ions have shown

long-range antiferromagnetic order below 16 K, [178, 202] and the surprising discov-

ery of a charge density wave below ∼130 K was reported with applied pressure of

1.65 GPa. [180] The long-range antiferromagnetic order of the Eu sublattice and its

interplay with spin and charge degrees of freedom opens a door to study how per-

turbing this system affects its physical behaviors. To this aim, chemical substitution

in the covalent Ga sublattice with Al, Li, or Mg, or in the magnetic Eu sublattice

has been employed. The substituted series Eu(Ga1−xAlx)4 showed the presence of
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multiple metamagnetic transitions as x was increased from 0 to 1. [60] A maximum

antiferromagnetic ordering temperature of TN = 19 K coincided with a minimum in

the lattice parameter a for x = 0.5. When x = 0.5 and 1, charge density wave behavior

was observed at ambient pressure. [60, 58] Interestingly, Li and Mg were successfully

incorporated into the Ga sublattice despite their electropositive character similar to

Eu2+. The antiferromagnetic ordering temperature was lowered in both the Li- and

Mg-substituted compounds. [183, 203, 204]

While doping the Eu sublattice is an attractive option to study the ground state

magnetic order and possibly induce new magnetic phase transitions, it is often chem-

ically less favorable relative to substitutions in the nonmagnetic sublattice. Thus,

comparatively little work has been done to determine the effects of substitution in

the magnetic Eu sublattice in EuGa4. Yb was successfully doped into EuGa4, and

Eu0.5Yb0.5Ga4 showed a suppressed TN ∼ 13 K. [182] With applied pressure, the or-

dering temperature and the ferromagnetic component of the long-range order increase

concomitantly with a shift toward trivalent Eu and Yb ions.

In this study, we systematically investigate the effects of substitution in the Eu

sublattice in single crystals of Eu1−xAxGa4 with A = Ca, Sr or La. While all three

dopants are nonmagnetic and therefore dilute the magnetic Eu2+ sublattice, Ca and

Sr are isovalent to Eu and induce disorder, while trivalent La provides charge doping.

Ca, unlike Sr or La, is significantly smaller than Eu and could potentially introduce

chemical pressure into the system. We therefore juxtapose the effects of size, disorder,

and charge on the magnetic and electronic properties of EuGa4.

7.2 Experimental Methods

Single crystals of Eu1−xAxGa4 with A = Ca, Sr and La were grown using the self-

flux technique. [60] Powder x-ray diffraction was performed at ambient or low temper-

ature using a Bruker D8 Advance diffractometer equipped with a MTC-LOWTEMP

sample stage using Cu Kα radiation. Rietveld refinements were done using TOPAS
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software. Single crystal x-ray diffraction was performed using a Bruker Apex II

diffractometer or a Rigaku SCX Mini diffractometer with Mo Kα radiation. Integra-

tion of raw frame data was done using Bruker Apex II software or Rigaku CrysAlis

Pro software. Refinement of the diffraction data was performed using XPREP and

ShelXTL software packages.

DC magnetic susceptibility measurements were performed using a Quantum De-

sign Magnetic Properties Measurement System. Heat capacity measurements were

performed using an adiabatic thermal relaxation technique using a Quantum De-

sign Physical Properties Measurement System (PPMS) equipped with a 3He insert.

Temperature-dependent DC/AC resistivity measurements were performed using a

PPMS with a typical current i = 2-3 mA with i||ab.

Quantitative composition analysis was performed from Electron Probe Micro-

Analyser (EPMA) measurements using a JEOL JXA 8530F Hyperprobe equipped

with a field emission (Schottky) emitter and five WDS spectrometers. The standards

used for element calibration were synthetic GaAs for Ga, and synthetic glasses REE1

and REE3 [205] for Eu and La, respectively. Careful background offsets were se-

lected in order to avoid interferences with other first order x-rays during peak and

background measurement (in brackets the lower and upper background offsets, re-

spectively): Ga (-4 mm, +5 mm), Eu (-4 mm, + 5 mm), La (-5 mm, + 6 mm).

Average detection limits and standard deviation 1σ (in brackets) are 510 ppm for Ga

(0.29%), 470 ppm for Eu (0.46%), and 520 ppm for La (1.68%). In order to avoid

the interferences with higher order x-ray lines, Eu and Ga were measured in differen-

tial mode, while La was analyzed in integral mode. The ZAF matrix correction was

employed for quantification.

7.3 Results

Single crystals of Eu1−xAxGa4 formed as thin plates with typical dimensions

around 2 x 1 x 0.5 mm3. We used a combination of ambient and low-temperature
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powder and single crystal x-ray diffraction to determine the structural properties of

each reported composition. Powder x-ray diffraction indicates that at T = 300 K, all

compounds reported here crystallize with the tetragonal I4/mmm space group. A

representative powder x-ray diffraction at ambient temperature is displayed for each

series in Fig. 7.1(a-c) with insets showing the change in the (015) Bragg peak as x

increases. Attempts to determine the composition and crystal structure from single

crystal diffraction revealed additional information: for A = Sr, T = 173 K single

crystal x-ray data confirmed the same tetragonal space group at this temperature,

and yielded the doping fractions x for Eu1−xSrxGa4. When A = La, the single crystal

x-ray free variable refinements confirmed the tetragonal crystal structure, but did not

provide consistent values of x, possibly due to the similar electron density of Eu and

La ions. Thus, EPMA was used to determine x for the Eu1−xLaxGa4 series. The

A = Ca single crystal x-ray refinements at T = 173 K were indicative of a struc-

tural phase transition close to this temperature. Therefore additional single crystal

x-ray measurements were performed at T = 300 K, which, as shown below, is far

above the structural phase transition identified from these and low temperature (T

= 90 K) powder diffraction measurements. Values for x were determined from free

variable refinement of the single crystal diffraction data at T = 300 K. All reported

Eu1−xCaxGa4 samples undergo a transition to the monoclinic C2/m space group,

consistent with the report by Bruzzone et al. for CaGa4. [206] Fig. 7.1(d) shows

powder x-ray diffraction data measured at T = 90 K for A = Ca with x = 0.45 in-

dicating the change in Bragg peak positions as a result of the monoclinic distortion

on cooling. For completion, single crystal x-ray data were collected at T = 90 K

for one sample in each of the other two series (A = Sr, Eu), which showed that the

tetragonal I4/mmm space group is preserved down to this temperature for these two

series. Details of the single crystal x-ray refinements and EPMA are summarized in

Table 7.1.

Temperature-dependent electrical resistivity data provide insight into the metallic
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Figure 7.1 : (a-c) Powder x-ray diffraction at 300 K for Eu1−xAxGa4 with one compo-
sition for each A featured in the main panel where A = (a) Ca, (b) Sr, or (c) La. The
inset focuses on the change in 2θ for the (015) Bragg peak as x increases in each sub-
stitutional series. (d) Powder x-ray diffraction performed at 90 K for Eu1−xCaxGa4

with x = 0.45 as an example of the structural phase transition from the tetragonal
I4/mmm to monoclinic C2/m space group as the sample was cooled below room
temperature.



112

0 100 200 300

  x = 
 0.91
 0.81
 0.63
 0.38
 0.16
 0

i||ab

(b)
Eu1-xSrxGa4

 

 

T (K)

0 20 40 60
0

2

4

6

 

 

 (
 c

m
)

T (K)

0 100 200 300
0.0

0.2

0.4

0.6

0.8

1.0
  x = 

 0.45
 0.24
 0.10
 0

 

 

/
30

0

T (K)

Eu1-xCaxGa4 (a)

i||ab

0 20 40 60
0

5

10

 

 

 (
 c

m
)

T (K)
0 100 200 300

  x = 
 0.37
 0.18
 0

i||ab

(c)
Eu1-xLaxGa4

 

 

T (K)

0 20 40 60
0

5

10

 

 

 (
 c

m
)

T (K)

Figure 7.2 : H = 0 temperature-dependent resistivity scaled by ρ300. Insets show
absolute resistivity values at low temperature to emphasize the loss of spin disorder
scattering at the antiferromagnetic ordering temperature.

nature of Eu1−xAxGa4 and hint at structural and magnetic phase transitions in the

series. Fig. 7.2 shows resistivity scaled at 300 K ρ/ρ300 for A = (a) Ca, (b) Sr

and (c) La. In EuGa4 (squares), metallic resistivity is indicated by a monotonous

resistivity decrease on cooling, followed by a drop at TN = 16 K signaling the loss

of spin-disorder scattering at the onset of antiferromagnetic order. [178, 202] Good

crystal quality is indicated by the low residual resistivity values ρ0 ≈ 0.1 µΩ cm (inset,

Fig. 7.2(a)) and large residual resistivity ratio RRR = ρ300/ρ0 ∼ 5 - 8. As Ca is

substituted for Eu with x = 0.10 (up triangle, Fig. 7.2a), the metallic resistivity at

high temperatures precedes, on cooling, a broad peak below T ∗ ∼ 150 K. Similar

features are observed in the x = 0.24 (circle) and 0.45 (right triangle) samples at

164 K and 263 K, respectively. We attribute this slight increase in scattering to the

onset of the structural phase transition to the monoclinic C2/m space group. This

is supported by the comparison of room-temperature versus low-temperature powder

and single crystal x-ray diffraction data of all Ca-substituted compounds. As the

temperature is further lowered below T ∗, the onset of magnetic order is apparent as a

drop in resistivity (inset, Fig. 7.2(a)). As expected when the magnetic Eu sublattice is

diluted with nonmagnetic Ca, TN decreases with increasing x, while increased disorder

induced by the random Eu-Ca mixture is consistent with enhanced ρ0 and reduced

RRR.
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By comparison, the A = Sr and La compounds are metallic for all reported con-

centrations (Fig. 7.2(b) and (c)), with the ordering temperature decreasing with

increasing x. As was the case for A = Ca, the transport behavior when A = La shows

increased scattering in the scaled resistivity at low temperature as x increases, which

is consistent with greater disorder introduced through substitution. However, A =

Sr shows only a very small change in the scaled residual resistivity as x varies, likely

due to the similarity in size between the Eu2+ and Sr2+ ions. The magnetic phase

transition observed up to x = 0.63 is marked, as expected, by a drop in resistivity

due to loss of spin disorder scattering.

To better understand the nature of the magnetic order in these compounds, mag-

netic susceptibility measurements with µ0H ‖ ab = 0.1 T are shown in Fig. 7.3.

In the Eu1−xCaxGa4 systems (top panel), a cusp in the magnetic susceptibility M/H

indicates the onset of antiferromagnetic order. The ordering temperature TN was de-

termined from the peak in d(MT )/dT [190] to be 15.9 K when x= 0, and is suppressed

with increasing x down to TN = 8.4 K for x = 0.45. The insets in Fig. 7.3 show the

inverse magnetic susceptibility H/M up to 300 K. All members of the Eu1−xCaxGa4

series follow Curie-Weiss behavior with measured effective moments pexpeff = 7.93, 7.77

and 8.14 for x = 0.10, 0.24, and 0.45, respectively, which are close to pcalceff = 7.94 and

hence indicate divalent Eu ions. All reported H/M measurements were calculated

from the polycrystalline average of the magnetization Mave = 1
3
(2Mab+Mc).

In Eu1−xSrxGa4 shown in Fig. 7.3(b), we can trace the suppression of TN across

a larger range of substitution from x = 0.16 to 0.91. We observe the cusp consis-

tent with the onset of antiferromagnetic order down to 2.5 K in x = 0.81. Specific

heat measurements performed down to 0.5 K (shown below) indicate that x = 0.91

orders at 1.6 K. Interestingly, x = 0.38 is the only composition in this series that

undergoes a second magnetic phase transition, consistent with an incommensurate-

to-commensurate magnetic transition at 4.0 K. This transition is indeed confirmed

in specific heat measurements (below). H/M data in the inset provide pexpeff values of
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Figure 7.3 : Temperature-dependent magnetic susceptibility M/H measurements for
Eu1−xAxGa4 with A = Ca (a), Sr (b) or La (c). All measurements were performed
with µ0H‖ab = 0.1 T. Insets in each main panel show the inverse magnetic suscepti-
bility calculated using the polycrystalline average of the magnetization for all doping
fractions.
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Figure 7.4 : Field-dependent magnetization measurements with H‖ab (a-c) and H‖c
(d-f). All measurements were performed at 1.8 K.

7.92, 7.85, 8.00, 7.97, and 7.81 for x = 0.16, 0.38, 0.63, 0.81, and 0.91, respectively,

affirming fully divalent Eu ions.

By comparison, Eu1−xLaxGa4 also undergoes antiferromagnetic order that is sup-

pressed with increasing La substitution as shown in Fig. 7.3(c). In this case, TN

is suppressed to TN = 7.9 K when x = 0.18 and then to 6.4 K when x = 0.37.

Temperature-dependent H/M in the inset shows Curie-Weiss behavior with pexpeff =

8.1 for both x = 0.18 and 0.37, confirming that only divalent Eu ions are present.

The maximum x values were dictated by the solubility limit of A is EuGa4. A sum-

mary of the magnetic ordering temperatures determined from d(MT )/dT and specific

heat measurements (shown below) is given with the error associated between the two

measurements in Table 7.1.

To complement temperature-dependentM/H measurements, field-dependent mag-

netization measurements are shown in Fig. 7.4. Measurements with H ‖ ab are

shown in (a-c), and with H ‖ c in (d-f). All measurements were performed at T
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= 1.8 K, which is within the antiferromagnetic state for all compounds except x =

0.91 in Eu1−xSrxGa4, which orders below this temperature. In all systems, magnetic

saturation is achieved at µsat = 7 µB/Eu2+ close to µ0H = 7 T. The only exception

is EuGa4 (squares), which is approaching saturation but may only reach 7 µB just

above the maximum field available for these measurements (7 T). A number of meta-

magnetic transitions occur anisotropically throughout these series. In Eu1−xSrxGa4,

a metamagnetic transition can be observed only in x = 0.63 when µ0H = 0.8 T is

applied along the ab plane (Fig. 7.4(b)), while in Eu1−xLaxGa4 two or more metam-

agnetic transitions are apparent for x = 0.18 and 0.37 at µ0H = 1.75 T and 1.10 T,

respectively, only with H ‖ c (Fig. 7.4(f)).

Temperature-dependent specific heat measurements CP with H = 0 were per-

formed on each series and are reported in Fig. 7.5. In Eu1−xCaxGa4 (Fig. 7.5(a)),

the ordering temperatures of the antiferromagnetic transitions are suppressed down

to a minimum TN = 9.2 K in x = 0.45. No additional phase transitions are observed in

this temperature range. The smooth suppression of TN in Eu1−xSrxGa4 with increas-

ing x is shown in Fig. 7.5(b). We observe that magnetic order is attained in every

composition, with x = 0.91 hosting the lowest TN of 1.6 K. Additionally, CP measure-

ments confirm the presence of an incommensurate-to-commensurate magnetic phase

transition only in x = 0.38 as noted in temperature-dependent M/H measurements.

CP (T ) reveals that this transition is actually composed of two peaks, one occurring

at 5.0 K followed by the second at 4.7 K. Lastly, the magnetic ordering transitions in

Eu1−xLaxGa4 (c) are also supported by specific heat measurements. These measure-

ments furthermore reveal that each phase transition in x = 0.18 and x = 0.37 has a

small ”shoulder” indicating the close proximity of two phase transitions at TN, with

the lowest ordering temperature suppressed to 7.0 K in the latter composition.
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Figure 7.5 : Temperature-dependent specific heat measurements with H = 0 for
Eu1−xAxGa4 where A = (a) Ca, (b) Sr, or (c) La. When A = Sr and x = 0.38, a
double-peaked phase transition can be observed ∼5 K.
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7.4 Discussion and Conclusions

EuGa4 has proven to be a useful template for studying the effects of doping on

its magnetic, electronic, and crystallographic properties. We have demonstrated here

the changes introduced in its transport, magnetic order, and crystallography when

Eu is substituted with the smaller Ca ion, the isovalent Sr ion, or the trivalent La

ion. In Fig. 7.6(a), we compare the effect of the Ca doping fraction x on the criti-

cal temperature T ∗ of the structural phase transition (left axis, stars), the ordering

temperature TN (left axis, open triangles), and the volume of the unit cell at 300 K

(right axis, closed triangles). Introducing a fraction of only 0.10 Ca ions is sufficient

to bring about a structural phase transition at T ∗ = 150 K, and modestly contracting

the unit cell to 99.2% of its original volume steeply raises T ∗ to 263 K. This indicates

that the Eu sublattice is quite resistant to incorporation of smaller ions into the site

while maintaining the tetragonal structure. This is supported by studies done by

Fedorchuk et al. showing that smaller Li or Mg ions preferentially occupy the Ga

sublattice despite their chemical similarity to Eu. [204]

Remarkably, the long-range magnetic order is maintained in Eu1−xSrxGa4 even

when x = 0.91, suggesting the persistence of RKKY interactions between Eu ions.

At this degree of Sr substitution, the unit cell volume increases to 102% of its original

volume, indicating that the Eu sublattice may be significantly more hospitable to

larger ions as opposed to smaller ones. This is also supported by comparing the

residual resistivity ratio RRR of the Sr-substituted series to that of the La- or Ca-

substituted series. While the RRR for the La-substituted series ranges from 5.4 to

4.2 and for the Ca-substituted series from 5.1 to 8.0, the Sr-substituted series hosts

high RRR values between 15.2 and 36.1. These high RRR values in Eu1−xSrxGa4

concomitant with increasing the unit cell volume suggest that the larger substituent

ion imparts very few effects from disorder into the system and opens a door for

substituting a variety of larger ions with different charges, to explore their role in

affecting the long-range magnetic order and structural stability in the Eu1−xAxGa4
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series.

Substituting trivalent La into the Eu sublattice suppresses TN more rapidly than

Ca or Sr with little change in the volume of the unit cell as demonstrated in Fig.

7.6(c). When x reaches 0.37, TN achieves a minimum of 6.7 K ± 0.3 K. However, fur-

ther incorporation of La3+ results in the formation of a secondary orthorhombic phase

(not shown), indicating that charge may be a contributing factor to the stability of the

crystal structure. When we compare this to Sr2+ substitution with x = 0.38 (b), TN is

suppressed to a lesser degree to 9.2 K ± 0.7 K, despite the fact that this suppression

is accompanied by an increase of the unit cell volume to 101% of its original volume.

Thus, charge substitution seems to play a role in suppressing TN through means in

addition to diluting the moment, along with instigating anisotropic magnetic phase

transitions in Eu1−xLaxGa4, as suggested by the metamagnetic transitions observed

in x = 0.18 and 0.37 when H ‖ c.

In summary, we report three new substitutional series in the magnetic Eu sub-

lattice of EuGa4. In Eu1−xCaxGa4, a structural phase transition to the monoclinic

crystal structure is traced as a function of x, likely due to the smaller ionic radii

of Ca2+ compared to Eu2+. When A = La3+ in Eu1−xAxGa4, the charge substitu-

tion rapidly reduces the antiferromagnetic ordering temperature to a minimum of 6.7

K ± 0.3 K but encounters secondary phase formations as x increases beyond 0.37.

By comparison, when A = Sr the antiferromagnetic ordering temperature smoothly

decreases to 1.6 K when x = 0.91 and 0 in SrGa4 [207] indicating the persistence

of RKKY interactions underlying the magnetic order in EuGa4. Additionally, the

unit cell is able to be expanded to 102% of its original size with disorder introducing

minimal effects on the physical properties on the system as evidenced by high RRR

values throughout the A = Sr series. To further explore the effects of charge and size

on the magnetic properties of EuGa4, additional A ions with larger ionic radii and

+1 valence states such as Na, K, or Rb could act as a valuable counterpart to the

current study.
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Figure 7.6 : (a) Left axis, stars: The critical temperature T ∗ of the structural phase
transition from the tetragonal to monoclinic crystal system in Eu1−xCaxGa4. (a-c)
Left axis, open symbols: The antiferromagnetic ordering temperature TN of the Ca,
Sr or La substitutional series as a function of the doping fraction x. Right axis, closed
symbols: (a-c) The volume of the tetragonal unit cell at 300 K as a function of the
doping fraction x. Unit cell volume at 300 K was determined using powder x-ray
diffraction refinements.
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Table 7.1 : Crystallographic parameters obtained from single crystal x-ray refinements
for Eu1−xAxGa4 when A = Ca, Sr, or La. Thermodynamic data obtained from
resistivity, magnetization, and specific heat measurements.

A = Ca

xa 0b 0.10 0.24 0.45 0.45

T (K) 90 300 300 90 300

Space group I4/mmm I4/mmm I4/mmm C2/m I4/mmm

a (Å) 4.3904(7) 4.3988(2) 4.38699(15) 6.193(2) 4.3896(2)

b (Å) - - - 6.166(2) -

c (Å) 10.6720(18) 10.6838(13) 10.6715(9) 6.143(2) 10.7113(16)

V (Å3) 205.71(7) 206.73(3) 205.38(2) 204.22(13) 206.39(4)

β (degrees) - - - 119.479(5) (-)

Absorption coefficient (mm−1) 40.64 39.08 37.41 34.77 34.35

Measured reflections 1656 1551 1741 1294 1556

Independent reflections 137 130 129 383 129

Rint 0.036 0.044 0.028 0.039 0.045

Goodness of fit on F2 1.23 1.24 1.28 1.16 1.25

R1(F ) for F2
o > 2σ(F2

o)c 0.014 0.022 0.013 0.037 0.021

wR2(F2
o)d 0.037 0.050 0.032 0.098 0.045

Extinction coefficient 0.0127(11) 0.0017(9) 0.0128(9) 0.0054(16) 0.0074(11)

TN (K) 16.2 K ± 0.2 K 13.3 K ± 0.9 K 10.5 K ± 0.2 K 8.8 K ± 0.4 K

RRR 62.4 8.04 7.38 5.05

A = Sr

xa 0.16 0.38 0.63 0.81 0.91

T (K) 173 173 173 90 173

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

a (Å) 4.4225(3) 4.4126(2) 4.3850(2) 4.4221(8) 4.43728(17)

c (Å) 10.7286(17) 10.6987(14) 10.6039(16) 10.713(2) 10.7394(11)

V (Å3) 209.84(4) 208.31(3) 203.89(4) 209.50(9) 211.45(3)

Absorption coefficient (mm−1) 39.51 39.33 39.64 38.20 37.64

Measured reflections 1767 1777 1737 1788 1828

Independent reflections 133 133 133 137 135

Rint 0.098 0.053 0.057 0.023 0.045

Goodness of fit on F2 1.12 1.11 1.22 1.24 1.16

R1(F ) for F2
o > 2σ(F2

o)c 0.032 0.018 0.023 0.013 0.016

wR2(F2
o)d 0.070 0.028 0.032 0.027 0.027

Extinction coefficient - - - 0.0077(6) 0.0019(4)

TN (K) 12.4 K ± 1.0 K 9.2 K ± 0.7 K 5.3 K ± 0.4 K 2.8 K ± 0.3 K 1.6 K

RRR 18.3 15.2 24.7 20.5 36.1

A = La

xe 0.18 0.37

T (K) 90 173

Space group I4/mmm I4/mmm

a (Å) 4.4045(8) 4.39966(16)

c (Å) 10.5743(19) 10.4173(8)

V (Å3) 205.14(8) 201.65(2)

Absorption coefficient (mm−1) 40.23 39.62

Measured reflections 1734 1754

Independent reflections 135 129

Rint 0.024 0.029

Goodness of fit on F2 1.26 1.20

R1(F ) for F2
o > 2σ(F2

o)c 0.009 0.013

wR2(F2
o)d 0.020 0.028

Extinction coefficient 0.0049(4) 0.0040(5)

TN (K) 8.2 K ± 0.3 K 6.7 K ± 0.4 K

RRR 5.4 4.2

aFrom free variable refinement in single crystal XRD xxxxxbData reproduced from Ref. [60] xxxxxcR1 =
∑
||Fo| - |Fc|| /

∑
|Fo|xxxxxxx

dwR2 = [
∑

[w(Fo
2 − Fc

2)2]/
∑

[w(Fo
2)2]]1/2 xxxxxxxxxeFrom EPMA
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Chapter 8

Conclusion

I have shown in this thesis that rare earth intermetallic single crystals provide

a platform to study the structure-function relationship between crystallography and

chemical identity on observed physical properties that can be used to design crystalline

materials with targeted capabilities. Divalent Eu-based single crystals lack crystal

electric field splitting and Kondo correlations and serve as a template to manipulate

complex bonding scenarios and the electronic structure to study the effects on the

magnetic correlations and electrical transport. The BaAl4 structure type is prolific

in the diversity of elements in can host and forms over 400 known compounds. By

studying doping effects in the magnetic and nonmagnetic sublattices in EuGa4, I have

demonstrated how changes in the bonding environment have induced unexpected

changes in the long-range magnetic order and electronic structure.

Yb-based intermetallic single crystals, on the other hand, often occupy fragile

ground states because of competing interactions from the Kondo effect, crystal elec-

tric field splitting, magnetic correlations, and valence fluctuations. These resulting

ground states often defy theoretical explanations and rely on critical experimental

innovations to describe the interplay between the competing energy scales that are

ultimately responsible for the observed physical behaviors. One such compound pre-

sented in this thesis is YbIr3Ge7, where the rare occurrence of ferromagnetic order in

a Kondo lattice originates when the magnetic moments align along the crystal elec-

tric field hard axis. In the isostructural compound YbIr3Si7, a unique combination of

properties is reported here, with insulating behavior coexisting with Kondo screening

as the temperature is lowered, followed by the onset of antiferromagnetic order and
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conductive surface states. With continued expansion of our range of synthetic and

measurement capabilities, the discovery of new materials that redefine the current

boundaries of our theoretical understanding and technological applications can be

realized.
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N. Plumb, M. Radović, et al., “Direct observation of the spin texture in SmB6

as evidence of the topological Kondo insulator,” Nature communications, vol. 5,

p. 4566, 2014.

[42] N. Xu, X. Shi, P. Biswas, C. Matt, R. Dhaka, Y. Huang, N. Plumb, M. Radović,
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“Magnetic structures of RAgSb2 compounds,” Physica B: Condensed Matter,

vol. 292, no. 1-2, pp. 176–189, 2000.

[149] V. Sidorov, E. Bauer, N. Frederick, J. Jeffries, S. Nakatsuji, N. Moreno,

J. Thompson, M. Maple, and Z. Fisk, “Magnetic phase diagram of the fer-

romagnetic Kondo-lattice compound CeAgSb2 up to 80 kbar,” Physical Review

B, vol. 67, no. 22, p. 224419, 2003.

[150] S. Araki, N. Metoki, A. Galatanu, E. Yamamoto, A. Thamizhavel, and
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[162] A. Steppke, R. Küchler, S. Lausberg, E. Lengyel, L. Steinke, R. Borth,

T. Lühmann, C. Krellner, M. Nicklas, C. Geibel, et al., “Ferromagnetic quan-

tum critical point in the heavy-fermion metal YbNi4(P1−xAsx)2,” Science,

vol. 339, no. 6122, pp. 933–936, 2013.

[163] C. Krellner and C. Geibel, “Magnetic anisotropy of YbNi4P2,” in Journal of

Physics: Conference Series, vol. 391, p. 012032, IOP Publishing, 2012.

[164] B. K. Rai, J. Banda, M. Stavinoha, R. Borth, D.-J. Jang, K. A. Benavides,

D. Sokolov, J. Y. Chan, M. Nicklas, M. Brando, et al., “CeIr3Ge7: a local

moment antiferromagnetic metal with extremely low ordering temperature,”

Physical Review B, vol. 98, no. 19, p. 195119, 2018.

[165] J. Banda, B. Rai, H. Rosner, E. Morosan, C. Geibel, and M. Brando, “Crys-

talline electric field of Ce in trigonal symmetry: CeIr3Ge7 as a model case,”

Physical Review B, vol. 98, no. 19, p. 195120, 2018.

[166] J. Remeika, G. Espinosa, A. Cooper, H. Barz, J. Rowell, D. McWhan, J. Van-

denberg, D. Moncton, Z. Fisk, L. Woolf, H. Hamaker, M. Maple, G. Shirane,

and W. Thomlinson, “A new family of ternary intermetallic superconduct-

ing/magnetic stannides,” Solid State Communications, vol. 34, p. 923, 1980.

[167] B. K. Rai, I. W. Oswald, J. K. Wang, G. T. McCandless, J. Y. Chan, and

E. Morosan, “Superconductivity in Single Crystals of Lu3T4Ge13−x (T = Co,



145

Rh, Os) and Y3T4Ge13−x (T = Ir, Rh, Os),” Chemistry of Materials, vol. 27,

no. 7, pp. 2488–2494, 2015.

[168] B. Chabot, N. Engel, and E. Parthé, “Trirhodium scandium heptasilicide and

triiridium scandium heptasilicide with a new rhombohedral structure type,”

Acta Crystallographica Section B, vol. 37, no. 3, pp. 671–673, 1981.

[169] P. Lorenz and W. Jung, “MgIr3Si7, a new magnesium iridium silicide with the

ScRh3Si7 type structure,” Acta Crystallographica Section E: Structure Reports

Online, vol. 62, no. 8, pp. i173–i175, 2006.

[170] G. Bowden, D. S. P. Bunbury, and M. McCausland, “Crystal fields and mag-

netic anisotropy in the molecular field approximation. I. general considerations,”

Journal of Physics C: Solid State Physics, vol. 4, no. 13, p. 1840, 1971.

[171] E. C. Andrade, M. Brando, C. Geibel, and M. Vojta, “Competing orders, com-

peting anisotropies, and multicriticality: The case of Co-doped YbRh2Si2,”

Physical Review B, vol. 90, no. 7, p. 075138, 2014.

[172] S. Hamann, J. Zhang, D. Jang, A. Hannaske, L. Steinke, S. Lausberg, L. Pe-

drero, C. Klingner, M. Baenitz, F. Steglich, et al., “Evolution from Ferromag-

netism to Antiferromagnetism in Yb(Rh1−xCox)2Si2,” arXiv:1806.05088, 2018.

[173] M. B. Maple, “Strongly correlated electron phenomena in f -electron materials,”

Journal of the Physical Society of Japan, vol. 74, no. 1, pp. 222–238, 2005.

[174] M. Nicklas, M. Macovei, J. Ferstl, C. Krellner, C. Geibel, and F. Steglich, “Ef-

fect of chemical substitution and pressure on YbRh2Si2,” physica status solidi

(b), vol. 247, no. 3, pp. 727–730, 2010.

[175] T. Takabatake, F. Iga, T. Yoshino, Y. Echizen, K. Katoh, K. Kobayashi,

M. Higa, N. Shimizu, Y. Bando, G. Nakamoto, et al., “Ce-and Yb-based Kondo



146

semiconductors,” Journal of Magnetism and Magnetic Materials, vol. 177,

pp. 277–282, 1998.

[176] T. Voloshok, N. Mushnikov, N. Tristan, R. Klingeler, B. Büchner, and
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M. Hedo, T. Nakama, Y. Ōnuki, et al., “Studies of Ga NMR and NQR in

SrGa4,” Hyperfine Interactions, vol. 231, no. 1-3, pp. 57–64, 2015.


