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ABSTRACT

EXPLORATORY SYNTHESIS OF COMPLEX INTERMETALLIC GERMANIDES
AND INDIDES USING MOLTEN INDIUM AS A FLUX

By
Maria Chondroudi

Molten metal fluxes can be excellent alternative to the conventional synthetic
methods for the exploratory synthesis of new intermetallic compounds. Our group has
initiated a project where molten Al and Ga are used to investigate the reactivity of the
quaternary systems RE/TM/AI/Si or Ge and RE/TM/Ga/Si or Ge which has resulted in a
numerous new ternary and quaternary phases. We have recently expanded this work to
also include molten In as a synthetic medium in parallel to Al and Ga systems. The main
goal of this dissertation was to exploit the ability of liquid In as a reactive flux in the
system RE/TM/Ge/In and discover new complex multinary compounds that could exhibit
interesting structural features as well as chemical and physical properties.

Particularly we have performed explorations in the system RE/Co(Ni)/Ge/In and
we have succeeded in isolating two new quaternary compounds: the RE;Co4InGe,; and
Yb;NiyInGe,,. Their 3D-network features three different types of channels, propagating
along the c-axis, in which the Yb atoms are situated. The Yb analogs exhibit mixed-
valence behavior and the Yb**/Yb*" ratio is slightly temperature dependent. Interestingly,
the reaction targeting the Dy;Co4InGe;; member also produced the DysColnGe4 phase
which crystallizes as a new structure-type. The DysColnGe, structure is related to the
RE;TM4InGe,; structure and possesses 12-membered and S5-membered channels

propagating along the b-axis in which the Dy atoms are found and Co,Ge(1); ribbons.



DysColnGe;, exhibits ferromagnetic ordering at ~ 40 K and a complex magnetic behavior
below this temperature.

By studying the system RE/Auw/Ge/In we obtained three new quaternary
compounds Yb3AuGe;In;, CeAuGeln and EuAuGeln;. Yb3;AuGe;In; crystallizes as an
ordered variant of the YbAuln structure. Both Yb compounds, which were studied in
parallel, are intermediate- or mixed-valence compounds and display intriguing magnetic
properties which are strongly dependent on the form of the measured sample and other
experimental conditions and vary from being paramagnetic to exhibit ferromagnetic
ordering. The ordered orthorhombic CeAuGeln and the disordered tetragonal EuAuGeln,
compounds have closely related layered structures. Both compounds seem to undergo
antiferromagnetic and ferromagnetic transitions below 12 K whereas EuAuGeln; shows
possible additional magnetic structures as seen in the low field magnetic measurements.

Synthetic investigations of the systems Yb/TM/Ge in liquid In resulted in the
particularly interesting YbsTMGeg (TM = Fe, Cr, Co) compounds for which (3+1)D
crystallography revealed the existence of superstructures due to modulated Ge nets and
partial TM occupancies. All three compounds exhibit Yb mixed-valence behavior with
the valence constantly changing with the temperature and anomalous thermal expansion
behavior below ~ 100 K. Additionally, heat capacity measurements for the Cr analog
suggest possible heavy-fermion behavior whereas resistivity measurements for the Fe
analog show unusual temperature dependence.

Finally, explorations in the ternary systems RE/Cu(Ag)/In led to the formation of
the RECug:xIng and YbAgs 3Ine g3 compounds which the crystallize as an orthorhombic

variant of the ThMn,; structure-type. The Yb analogs exhibit mixed-valence behavior.



Copyright by
MARIA CHONDROUDI
2009



ACKNOWLEDGMENTS

First and foremost I would like to express my deep and sincere gratitude to my
advisor, Professor Mercouri G. Kanatzidis, for giving me guidance and encouragement
both as mentor and a friend during my PhD years. I am grateful to him for the
opportunity to work at Argonne National Laboratory (ANL) for the last two years where [
had the opportunity to grow and mature as a scientist and to access facilities not

otherwise available at Michigan State University.

I would also like to thank my committee members, Professors Smith, Weliky,
Mahanti and Duxbury for their valuable suggestions and discussiqns. My collaborators
and mentors both at MSU and at the Materials Science Division at ANL Dr Lolee, Dr
Mitchell, Dr Gray, Dr Clauss, Dr Q’Li, Dr Welp, Dr Schlueter, Dr Kwok, Dr Osborne
and many others. I owe special thanks to Dr Balasubramanian at the Advanced Photon
Source at ANL for being an exceptional collaborator, mentor and friend and for being
willing to work endless hours day and night with me at the beamline.

It would have not been possible for me to succeed without the unconditional love
and support of my parents who have dedicated their lives into giving the highest
education and opportunities to their kids. The love, faith and advice from my brothers
Stelios and Kostas and my dearest friend D. Rivera helped me through the tough and
demanding years of my Ph.D study.

Finally, I would like to thank all the Kanatzidis group members for their help and
friendship particularly, Dr Malliakas for breaking down all the crystallographic

mysteries, Dr Salvador and Dr Todorov.



TABLE OF CONTENTS

LIST OF TABLES. ...ttt e e e X
LISTOF FIGURES. ... e Xvii
Chapter 1. INtroduCtion.........c.coiviiiiiniiiie e ee e eaeas 1
1.1 Introduction to Intermetallics, Selected Properties and Applications......... 1
1.2 Motivation for the Use of Molten Metal Fluxes as Synthetic Media.......... 4

1.3 Use of Molten Al, Ga and In for the Exploratory Synthesis of Rare Earth
Transition Metal and Tetrel Containing Intermetallic Compounds............ 6
References. ... ..coviiiniiii i 12

Chapter 2. Mixed Valency in Yb;TMuInGe; (TM = Co, Ni): a Novel Intermetallic

Compound Stabilized in Liquid Indium.....................coiiiiiininn.n 21
2.1 INtrodUCtiON........ciuiitiitiii e e 21
2.2  Experimental SECHON. ... ..ccoo.vitiiiiiiiiiii i e 22
Reagents........ocouiiiii i 22
SYNthESIS. ..ottt 23
Elemental Analysis..........cocevriiiiiiiiiiiiiiiiiiiiii e 24
X-ray Crystallography.........cccoceviviiiiiiiiiiiiiiiirci e 25
Differential Thermal Analysis............c.cooviiiiiiiiiiiiiin, 32
Magnetic Measurements. .........ocvuvueniinineiniiiniiiiiiiiaien e 32
X-Ray Photoemission SpectroSCOPY.......covveveerrininreniinennenenennn. 32
X-ray Absorption Near Edge Spectroscopy (XANES)................... 33
Magneto-Transport Measurements............ccoooeveiiiiniiiiiiiiniinenn 34
2.3  Results and DiSCUSSION. ......c.iuiiiititiniiiiii i iereeaeaeaes 34
Reaction Chemistry..........cc.ooeiiiiiiiiiiiiiii e 34
1 T 10 P 36
Magnetic Measurements. .........co.viueriiriienieieiiiteeneeneeeenenn 45
XPS Measurements. ......oueuireiritiitineeeeeneeienieeae e eneeeanene 49
XANES Measurements. ......co.venueiniineeiiaiieateenerieeaneeneennens 50
Magneto-Transport Measurements. ...........c.ocvvvveiiiiineieinennennon. 54
2.4 CONCIUSIONS. .. .euentiniitet ettt et et re e e eaenne 55
References. .. c.oviniiiiii 57
Chapter 3.  Flux Synthesis of the New Quaternary Intermetallic Dy4ColnGe4 Exhibiting
Complex Magnetic Behavior............c.cccovviiiiiiiiiiiiiiiiii, 61
3.1 INtrodUCtiON. .. ..oeniit i 61
3.2  Experimental SECtion...........coeiiiiiiiiiiiiiii i 63
ReEagENTS. . .ottt 63

Vi



33

34

Chapter 4.

4.1
4.2

43

4.4

Chapter 5.

5-1-1.
5-1-2.

SYNtheSiS. ..ottt 63

Elemental Analysis..........c.cooiiiiiiiiiiiiiiiiiii e, 64
X-ray Crystallography............cocoiiiiiiiiii e 65
Magnetic Measurements. .............cooeveiiiiiiiiiiiiiei i, 68
Results and DisCuSSION. .......ooviiiiiiiiiiiiii e 69
Reaction Chemistry..........oooeiiiiiiiiii i, 69
N1 41 TH 1| (N 70
Magnetic Measurements. ...........ooeviiiiiieeiiiiieiieeie e eneenanen, 83
CONCIUSIONS. ...ttt e e e 90
References.......c.ovvniinii 91

Flux Synthesis of Yb;AuGe;In3: an Ordered Variant of the YbAuln

Structure Exhibiting Mixed-Valent Yb Behavior ........................... 95
INtroduction..........ouiiiinii e 95
Experimental Section...............cooiiiiiiiiiiiiiiii e 97
REAZENLS....ccuiiniiniiiiiiei e U 97
SYNtheSIS. . .cnninitii 97
Elemental Analysis..........c.oooiiiiiiiiiii e 98
X-ray Crystallography...........c.cooiiiiiiiiiii e 99
Magnetic Measurements. ...........cooveevuiieiiiniieiiinieieneeeneeaans 102
X-ray Absorption Near Edge Spectroscopy (XANES).................. 103
ReSISLIVILY. ..ttt 104
Heat Capacity......ccovieiiiiiiiii i e e ae e 104
Thermoelectric POWer.........cooiiiiiii e 105
Results and DiscusSion..........coviuiiiiiiiiiiiiii e 105
Reaction Chemistry........ccovviiiiiiiiiii e 105
SEIUCIULE. ..ttt et eee e 106
Magnetic Measurements...........c.oovvieiiiiiiiiiiiiiii e, 114
Magnetic Measurements Under Variation of Experimental
Parameters .......ocoiiiiiii e 120
XANES Measurements at Ambient Pressure...................ccoeuee. 151
Magnetotransport Measurements.............coeveviiiiiiniiiiiiiinn, 153
Heat Capacity Measurements. .............c.ocoeviiuiiiieneiininnenenenn 156
CONCIUSIONS. . .euetei ettt et eeaans 159
REfOIENCES. ... .ttt e 161

CeAuGeln and EuAuGeln,: New Quaternary Intermetallics Grown from

PART I. Synthesis and Characterization of CeAuGeln: Exhibiting
Complicated Magnetic Structure.............c.cooeviiiiiiiiiiiiiniiinnnn, 168
INtroduCtion. ... ....vvniini i 168
Experimental Section............cccvuveiiiiiiiiiiiiiiie 170
REAGENLS. ..uineine e e 170
SYNNESIS. . euenitieit et 171
Elemental Analysis..........cccoieiiiiiiiiiii i 172
X-ray Crystallography...............cooooi 173

vii



5-1-3.

5-1I-1.
5-11-2.

5-11-3.

5-11-4.

Chapter 6.

6.1
6.2

6.3

Magnetic Measurements.............o.oiuiiiiiiiiiiiiiiiiiiiiiiiaeeas 176
G L E A 1 PPt 177
X-ray Absorption Near Edge Spectroscopy (XANES).................. 177
Results and DiSCUSSION........c.covieiiiiiiiiiiiiiii e 178
Reaction Chemistry...........ccooiiiiiiiiiii e, 178
SHUCTUTE. ..ot e e 179
Magnetic Measurements.............oooiiiiiiiiiiiiiiieiieie e 185
Magnetotransport MeasuremMents. ........c..coeeueereenereenennennenennnn. 192
XANES Measurements. .........ooeveeieiiiiiiiiiiiiiiiieiieiieeeeenn 193
CONCIUSIONS. ... ettt e e e e ans 195
PART II. Synthesis and Characterization of EuAuGeln;.................... 197
INtroduction.........c.ouininii i 197
Experimental Section...........c.cccoeiiiiiiiiiiiiiiiiii i, 198
Reagents. ...\ttt 170
SYNthesIS. .. e, 198
Elemental Analysis..........cccoiiiiiiiiiiiiiii e, 199
X-ray Crystallography..........cccoooiiiiiiiiiiie e 200
Magnetic Measurements...............oceieiiiiiiiiiiiiiiiieeaa, 204
Results and DiscCussion...........c..cccvviiiiiiiiiiiniiiine e . 204
Reaction Chemistry...........cooiiiiiiiiiiiiiiee e, 204
SHIUCIUTE. ...ttt e 205
Magnetic Measurements..............ooeevuiiiiviiiiiiiiieeiieaa, 213
CONCIUSIONS. ... eiuiiiiiieie e 215
References. ... ..o.oiiiiiii 217
YbsTMGes (TM = Fe, Cr and Co) an In Flux Grown Intermetallic:
Exhibiting Temperature Induced Yb Valence Fluctuation and
Anomalous Thermal Expansion below ~ 100 K.............................. 224
INtroduCtion. ... ..ooiuininiii i 224
Experimental Section...........c.cooiiiiiiiiieiiiiiin i, 227
Reagents. ... ..o 227
SYNthesiS. ....oveii e 227
Elemental Analysis..........coooiiiiiiiiiiiiiiii e 228
X-ray Crystallography.............oooiiiiiiiiiiiii e 229
Magnetic Measurements............o.vvuiiiiiiieiiineiiienereniennenens 248
X-ray absorption Near Edge Spectroscopy (XANES)................... 249
Heat Capacity......coevueiniieiniiiiii i e e 249
| ST £ 1 1Y 1 P 250
Results and Discussion............cocoieiiiiiiiiiiiiiiiiiii e, 250
Reaction Chemistry...........coooviiiiiiiiii e 250
SHIUCHUIE. ...ttt 252
Magnetic Measurements. ............cccvvevieieiiiiiiiiiinniiin, 262
XANES Measurements at Ambient Pressure..................c....o.e 268
Temperature Dependent Single Crystal X-Ray Diffraction
MeEaSUIEMENES. ...\ttt ettt ieaeaeas 275
Heat Capacity Measurements for YbsCrGes..........c.covvvniienininin. 285

viii



6.4

Chapter 7.

7.1
7.2

7.3

7.4

Chapter 8.

Electrical resistivity measurements for YbsFeGeg....................... 287
CONCIUSIONS. .. ettt e e e 288
ReferenCeS. ... 291

Exploratory Studies on the Ternary Systems RE/Cu/In and Yb/Ag/In

Employing Inas FIux ... 297
INtrodUCION. ... e 297
Experimental Section..............coooiiiiiiiiiiiii e 299
| G 105 1L 299
SYNRESIS. ...ttt 299
Elemental Analysis..........ccoooiiiiiiiiiii 300
Single Crystlal X-ray Diffraction.................c.coooiiiinan, 301
High Resolution Powder X-ray Diffraction.............................. 302
Magnetic Measurements. ..........c..ooeveiiiiniieniniiiinenieienineenanen. 322
X-ray absorption Near Edge Spectroscopy (XANES)................... 322
Results and DiSCUSSION. ......ueueiniiiiiiie e, 323
Reaction Chemistry............coooviiiiiiiiiii e, 323
StIUCTUTE. ..ot e 325
Magnetic Measurements. ..........cocoevuiuiiiiiiiiiniiiineen, 331
XANES Measurements. .........coueueeniiiiiiniiiiiiieneneniaeeenenns 349
(070) 16 L1 TS (o) o T P 353
References. ... .. ..oouiiiiiiiii 355
Conclusions and Future Work.............coooiiiiiiiiiiiee 360

ix



Table 2-1.

Table 2-2.

Table 2-3.

Table 2-4.

Table 2-5.

Table 2-6.

Table 2-7.

Table 2-8.

Table 3-1.

Table 3-2.

Table 3-3.

Table 3-4.

Table 4-1.

Table 4-2.

LIST OF TABLES

Crystal data and structure refinement data for RE;CosInGe,; (RE = Dy,
Atomic coordinates (x 104) and equivalent isotropic displacement para-

3
meters (A% x 10°) for RE;Co4InGe,; (RE = Dy, Ho, Yb)................28

Anisotropic displacement parameters (A2 X 103) for RE;Co4InGe;; (RE
= Dy, Ho, Yb). The anisotropic displacement factor exponent takes the

2 .2 2 11 12
form: -2x [h a* U + ...+2hka*b*U J.......ccooiiiiiiiiii, 29
Crystal data and structure refinement data for
Yb7Ni4InGe, 2t e teeiaitateaaateestraenstesccceatetaoneanescensteattaran et ssansans 30

Atomic coordinates (x 104) and equivalent isotropic displacement para-
meters (A” x 10%) for YBsNiaInGe1......ovvvevrverereeeereeereversssinenn31

Anisotropic displacement parameters (A” x 10°) for Yb;NigInGe,, (RE =
Dy, Ho, Yb). The anisotropic displacement factor exponent takes the

form: -21:2[h2a”‘2UI I+ +2hka*b*Ulz] ..................................... 31
(Bond lengths [A] for RE;Co4InGe); (RE = Dy, Ho, Yb)..................43
Bond lengths [A] for RE7NigInGe z.........ocvvvvnniiciceveceecnnn 44
Crystal data and structure refinement data for Dy,ColnGes.............. 66

Atomic coordinates (x 104) and equivalent isotropic displacement para-

2 3
meters (A x 10') for DysCoInGey.........ocoereveeeveennnen. eereeeeereeareseenenas 67
Anisotropic  displacement  parameters (A2 x 1 03) for
DY4COINGES. ...ttt 68
Selected Bond lengths [A] for DysColnGes.......c.eevvevniiviernnee..... 82

Crystal data and structure refinement data for Yb3;AuGe;In; and

Atomic coordinates (x 104) and equivalent isotropic displacement para-



Table 4-3.

Table 4-4.

Table 4-5.

Table 4-6.

Table 5-1-1.

Table 5-1-2.

Table 5-1-3.

Table 5-1-4.

Table 5-1I-1.

Table 5-11-2.

Table 5-11-3.

Table 5-11-4.

Table 5-11-5.

Table 5-11-6.

2 3
meters (A x 10°) for YbsAuGe;Inzand YbsAusIng.....ccooooevvvueveeennen. 101

Anisotropic displacement parameters (A2 X 103) for Yb3AuGe;In; and
YbsAuzln;. The anisotropic displacement factor exponent takes the

2.2 2 11 12

form: -2x [h a* U + ... +2hka*b*U ..., 101
Selected Bond  lengths [A] for Yb3;AuGesIn;  and
Yb3AU3In3 .................................................................................... 114

Summary of the magnetic behavior for various samples of
ngAuGezlm ................................................................... 150
Summary of the magnetic behavior for various samples of
YDAUIN. ..ot 150

Crystal data and structure refinement data for
CeAuGelIn..... ... 174

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A X 10 ) for CEAUGEIN........oveeieeeieiieeeeeeeeeeeeeesereeeenes 175

Anisotropic displacement parameters (A2 X 103) for CeAuGeln The
anisotropic displacement factor exponent takes the form: -

2.2 2 11 12
2r [h a* U +.42hka*b*U ... 175
Selected bond lengths [A] for CeAuGeln............cc.cccoovveverueerrrencnennee. 185
Crystal data and structure refinement data for EuAuGeln; in /4mm and
14/mmm SPACE IOUPS.......cccueevuirieeiriirnirenitenree e eereeseeeeresreereeeens 201
Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A x 10 ) for EuAuGeln, in J4mm space group...................202
Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A x 10 ) for EuAuGeln, in 14/mmm space group ...............202
Anisotropic displacement parameters (A2 X 103) for EuAuGeln; in
TAmm Space Group.........oviviiiiiiniiiiiii i 203
Anisotropic displacement parameters (A2x103) for EuAuGeln, in
14/mmm Space GrouP........cooviiiiiiiiiiiiiiiiiiii i 203
Selected bond lengths [A] for EuUAUGEIN,...........cccoorvevirerererierreennne. 211

X1



Table 6-1.

Table 6-2.

Table 6-3.

Table 6-4.

Table 6-5.

Table 6-6.

Table 6-7.

Table 6-8(I).

Table 6-8(1I).

Table 6-9.

Table 6-10.

Table 6-11.

Table 6-12.

Initial crystal data and structure refinement data for Yb4CrGes........ 232

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A X 10 ) fOr YDaCrGeg. .. .. cvmeueeeeeeeeeeeeeeeeeeeeeeeeeeeseeererenne 233

Anisotropic  displacement  parameters (A2 X 103) for

Atomic coordinates (x104), Fourier components of the displacive
modulation (x104) and equivalent isotropic displacement parameters

(A2x104) for YbsCrGeg at 100.0(3) K with estimated standard deviations
INParentheses. .. ...ocoviiiiiiiiiiii e 235

Fourier components of the atomic thermal parameters modulation (x|1 03)
for YbsCrGeg at 100.0(3) K with estimated standard deviations in
PATENthESES. .. .ttt 236

Fourier components of the occupational modulation for YbsCrGes at
100.0(3) K with estimated standard deviations in parentheses......... 236

Bond lengths distributions [A] for YbsCrGeg at 100.03) K with
estimated standard deviations in parentheses................cooeoeeenine 237

Bond lengths distributions [A] for YbsCrGeg at 100.0(3) K with
estimated standard deviations in parentheses (continue from part I)...238

Crystal data and structure refinement data for YbsFeGeg at 100.0(3)

Atomic coordinates (x104), Fourier components of the displacive
modulation (x104) and equivalent isotropic displacement parameters

(A2x104) for YbsFeGegat 100.0(3) K with estimated standard deviations
Inparentheses..........coooviiiiiiiiiiiiii 240

Fourier components of the atomic thermal parameters modulation (x103)
for YbsFeGeg at 100.0(3) K with estimated standard deviations in
PArENtRESES. .. etuiiititiiiie i 241

Fourier components of the occupational modulation for YbsFeGe; at
100.0(3) K with estimated standard deviations in parentheses......... 241

xii



Table 6-13.

Table 6-14.

Table 6-15.

Table 6-16.

Table 6-17.

Table 6-18(1).

Table 6-18(II).

Table 6-19.

Table 6-20.

Table 6-21.

Table 6-22.

Table 7-1.

Table 7-2.

Bond lengths distributions [A] for YbsFeGeg at 100.0(3) K with
estimated standard deviations in parentheses..................c..cceuvnee. 242

Crystal data and structure refinement data for YbsCoGeg at
100003 K et 243

Atomic coordinates (x104), Fourier components of the displacive
modulation (x104) and equivalent isotropic displacement parameters

(A2x104) for YbsCoGesg at 100.0(3) K with estimated standard
deviations in parentheses.............ooooiiiiiiiiiiiiiiiine e, 244

Fourier components of the atomic thermal parameters modulation (x1 03)
for YbsCoGeg at 100.0(3) K with estimated standard deviations in
parentheses. ... ....oooiiiiii e 245

Fourier components of the occupational modulation for YbsCoGes at
100.0(3) K with estimated standard deviations in parentheses......... 245

Bond lengths distributions [A] for YbsCoGeg at 100.0(3) K with
estimated standard deviations in parentheses.............................. 246

Bond lengths distributions [A] for YbsCoGes at 100.0(3) K with
estimated standard deviations in parentheses (continue from part I)...247

Temperature dependent cell parameters for YbsCrGes 2 crystal.

Temperature range of 15 — 90 K was measured at ANL and 100 - 300 K

Temperature dependent cell parameters for YbsCrGes 3 crystal.
Temperature range of 15 — 90 K was measured at ANL and 100 - 300 K

Temperature dependent cell parameters for YbsFeGes crystal. Whole
temperature range was measured at NU..............ccvvvcviniccnncnnnn. 279
Temperature dependent cell parameters for YbsCoGes crystal.
Temperature range of 15 — 90 K was measured at ANL and 100 - 300 K
Crystal data and structure refinement data for CeCuglng in /4/mmm and

Immm SPace GroUPS........c.cvviiiiniiiiiiiiiiii i 305

Atomic coordinates (x 104) and equivalent isotropic displacement
2 3
parameters (A x 10) for CeCuglng in [4/mmm  space

xitl



Table 7-3.

Table 7-4.

Table 7-5.

Table 7-6.

Table 7-7.

Table 7-8.

Table 7-9.

Table 7-10.

Table 7-11.

Table 7-12.

Table 7-13.

Table 7-14.

BIOUD. . ettt ettt ettt ettt et sreeressesnesnessnennesneneenses 300

Anisotropic displacement parameters (A2 X 103) for CeCuglng in
I4/mmm space group. The anisotropic displacement factor exponent

2.2 2 11 12
takes the form: -2x [h a* U + ...4+2hka*b*U ].........................306

Atomic coordinates (x 104) and equivalent isotropic displacement

2 3
parameters (A x 10) for CeCuglng in Immm  space
£ (0101 o J PSP P T OUPUROURTRRPTPRROPPRIORURRRRRRC 10 ¥ 4

Anisotropic displacement parameters (A2 X 103) for CeCuglng in Immm
space group. The anisotropic displacement factor exponent takes the

2.2 2 11 12
form: -2n [h a* U +...+2hka*b*U J..........ccoiiiiiiininininennnn 307

Crystal data and structure refinement data for NdCug »5Insg7s and

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A x 10) for NdCue 125IN5.875.....cuvvveverererreincneeeeeeneeesesesenens 309

Anisotropic displacement parameters (A2 X 103) for NdCug 125Ins g75.
The anisotropic displacement factor exponent takes the form:

2 2 2 11 12
2r [ha* U +..+2hka*b*U J............nn.309

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A X 10 ) for SmMCUgINg........cooovrrevererererererereeeeeeeee e 310

Anisotropic displacement parameters (A2 X 103) for SmCuglng. The
anisotropic  displacement factor exponent takes the form: -

2.2 2 11 12
2r [ha* U +.+2hka*b*U J.....cooviiiiiiinn 310

Crystal data and structure refinement data for GdCug¢7Inse; and
DyCu6,231n5_77 .................................................................. 311

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A X 10 ) for GACUg 07In5.93...vcveveverereeeerireriererererereseseresesesenens 312

Anisotropic displacement parameters (A2 X 103) for GdCug g7Ins 93. The
anisotropic displacement factor exponent takes the form: -

2 2 2 11 12
2 [h a* U + .. 42hKa*b* U Joeviereeeeeeeeeeeeeeee e 312

Atomic coordinates (x 104) and equivalent isotropic displacement para-

X1V



Table 7-15.

Table 7-16.

Table 7-17.

Table 7-18.

Table 7-19.

Table 7-20.

Table 7-21.

Table 7-22.

Table 7-23.

Table 7-24.

Table 7-25.

Table 7-26.

23
meters (A X 10°) for DYCug 233105 77..cvvvveeeeeeeiceeeeeeeeeeseeeee s 313

Anisotropic displacement parameters (Az X 103) for DyCug »3Ins 77. The
anisotropic  displacement factor exponent takes the form:

2.2 2 11 12
2n [ha* U +..+2hka*b*U ..., 313

Crystal data and structure refinement data for HoCugInsgy and
EI’CU(,_23II'15,77 .................................................................... 314

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A X 10 ) for HOCUg 111N5 89 vv v eveeeereeereeeeeeeeeeeeseeeeseeeeeeeeaens 315

Anisotropic displacement parameters (A2 X 103) for HoCug 11Ins g9. The
anisotropic  displacement factor exponent takes the form: -

2 2 2 11 12
2n [ha* U +.. +2hKa*b*U J.oeoreioreeieeeeieeeeeoeeereccssnnnnnn 315

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A X 107) for ErCUg23IN5 77.v.vevveeeeeeeeeieeeee e eeeeeesneeeeene 316

Anisotropic displacement parameters (}1.2 X 103) for ErCug »3Ins 77. The
anisotropic displacement factor exponent takes the form: -

2.2 .2 1 12
2 [ha* U +..+2hka*b*U J........ocooiiii, 316

Crystal data and structure refinement data for YbCuglng and
YbAgs_ |3Il‘l6.33 ................................................................... 317

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A x 10°) for YBCUgING........ccevevevemmereierreeeeciersseeeeeeesesecsnens 318

Anisotropic displacement parameters (A2 X 103) for YbCuglne. The
anisotropic  displacement factor exponent takes the form: -

2 2 211 12
2 [h a* U+ 2hKa*B*U eveeeereoeeeeeeeeeeeeee oo 318

Atomic coordinates (x 104) and equivalent isotropic displacement para-
2 3
meters (A X 10 ) for YDAEs 18I06.83...vevevevereveeerreerreeeereererereessesesesens 319

Anisotropic displacement parameters (A2 X 103) for YbAgs isIng 3. The
anisotropic displacement factor exponent takes the form: -

2.2 2 11 12
2n [ha* U +.+2hka*b*U J.....ooooiiiiiiiinnn 319

Summary of the crystallographic agreement factors and refinement

XV



Table 7-27.

Table 7-28.

Table 7-29.

Table 7-30.

statistics of the powder data for the different models.................... 320

Atomic coordinates and equivalent isotropic displacement parameters
(A?) for the orthorhombic undistorted model...................c.cccce..... 320

Atomic coordinates and equivalent isotropic displacement parameters
(A?) for the orthorhombic distorted model #1............oeveeveeueeennn, 321

Atomic coordinates and equivalent isotropic displacement parameters
(A?) for the orthorhombic distorted model #2............ccoeevuvueen.n. 321

Atomic coordinates and equivalent isotropic displacement parameters
(A?) for the tetragonal distorted model......................... 322

XVi



Figure 2-1.

Figure 2-2.

Figure 2-3

Figure 2-4.

Figure 2-5.

Figure 2-6.

Figure 2-7.

Figure 2-8.

Figure 2-9.

Figure 2-10.

Figure 2-11.

LIST OF FIGURES

Scanning Electron micrograph (SEM) images of flux-grown crystals of
(A) YbsCo4InGej; and (B) Dy7C04InGej2.vnvevneiniiiiiiiiiiiiiiinen, 35

The overall structure of Yb;Co4InGe,; as viewed onto the a,b-plane. For
clarity the bonds to the Yb atoms are not drawn........................... 39

The octagonal, hexagonal and pentagonal rings and their
interconnection to form the corresponding tunnels running down the c-
BXIS. .ttt ettt ettt st et e e e et et e b e e ae s abe e sae e s e e s bt e st enneeaeneas 40

(A) Polyhedral view of the Yb;CosInGe;, structure featuring the
connectivity between Co-centered Ge tetragonal pyramids. (B) The
polyhedra share Ge(2) corners to form squares. (C) Stacking of squares
along the c-axis forming square tubes...............ccovvvieveverccnncneenenn 41

The coordination environment of the RE atoms. The coordination
sphere cutoffis 3.4 A.........ccoiiiiiiiiiii 42

(A) Temperature dependence of the molar susceptibility ym (triangles)
and inverse 1 / yp (circles) for Yb;Co4InGe|,; with an applied field of
500 G. (B) Magnetization data for Yb;Co4InGe;, collected at 3

(A) Temperature variation of the susceptibility y(M/H) for
Dy7Co4InGe;; with an applied field of 500 G. Inset shows the low
temperature (0-40 K) data. (B) Magnetic moment data for
DysCoq4InGejacollected at 3K....oovonviiiiii e, 48

XPS spectra of Yb 4d core level for Yb;CosInGej;at 300 K............ 49

Ly absorption edge spectra of Yb in Yb;Co4InGe); at 15 K (dashed line)
and 300 K (solid lin€).......covviiiiiiiiiiii e 51

Comparison of Yb;Co4InGe |, (solid line) and Yb,O; (dashed line)
spectra at roOm teMPETALULE. ........oueviieiiniineiiniiniinenaiaieieeneenns 52

The Fourier Transform (FT) of the Yb XAFS for YbsCosInGe,; (15 K)
compared with that for Yb,O3 (RT). The FT’s are not corrected for
photo-electron phase shifts. The k-range of the FT was 3-10 Al...... 52

Xvii



Figure 2-12.

Figure 2-13.

Figure 3-1.

Figure 3-2.

Figure 3-3.

Figure 3-4.

Figure 3-5.

Figure 3-6.

Figure 3-7.

Figure 3-8.

Figure 3-9.

Figure 3-10.

Figure 3-11.

L,y absorption edge spectra of Yb in Yb;NisInGe); at 18 K (dashed line)
and 295 K (solid 1ine).......c.ceuininininiiiiiiiii e 53

Variable temperature single-crystal resistivity data for Yb;Co4InGe;; at
zero field. Inset: displays the low temperature resistivity data at 0, 1 and
STHEld. .o orniei 54

Scanning Electron micrograph (SEM) image of a flux-grown
Dy4ColnGe4 rod-shapedcrystal...............ooooiiiiiiiiiiiiiiiiinn, 70

The overall structure of Dy;ColnGe,4 as viewed down the b-axis. For
clarity the bonds to the Yb atoms are not drawn........................... 74

The principal building unit the repetition of which makes up the whole
[CoInGes] NEtWOTK. ..ot e 75

Projection of the [CoInGes4] network roughly onto the a,b-plane. The RE
atoms were removed to emphasize the connectivity....................... 75

Twelve-membered rings and their interconnection to form the
corrugated channels. The RE atoms were removed to emphasize the
COMNECHIVILY ..ottt ittt e e e e e e e e e eeas 76

(A) Projection of the a,c-view of DysColnGes (B) the a,b-view of
Dy;Co4InGe;; and (C) the a,c-view of DysNi;InGe,s structures are
displayed for comparison...............ooeeiiiiiiiiiiiii e 77

Coordination environment of the Dy(1), Dy(2), Dy(3) and Dy(4) atoms.
The coordination sphere cutoffis 4.0 A..................cooiiiiiiinnniin, 78

Polyhedral representation of the Dy;ColnGe, structure featuring the
connectivity of the Co-centered tetrahedra and In(1),In(2)-centered
planar squares as viewed in the a,c-plane..................cooooiiiiiiiin, 80

Stacking of the Co-centered tetrahedra and In(1)-centered planar squares
along the b-axis. The tetrahedral are fused, forming zigzag columns that
extend dOWn the H-aXiS........c.oiiriiiiniiiiiiiiiiiriii e 81

Temperature dependence of the molar susceptibility y,(7) and inverse
susceptibility 1/yn(7) of randomly oriented single crystals for
DysColInGe; collected with an applied field of 500 G. Inset shows the
low temperature data of the susceptibility ym(7)........cooevvveiniinnin. 86

Temperature dependence of the molar susceptibility yy,(7) of
Dy4ColInGe, on single crystals randomly oriented with applied fields of
100 G, 500 Gand 1000 G.....o.ovnininineiiiiiiee e 87



Figure 3-12.

Figure 3-12.

Figure 4-1.

Figure 4-2.

Figure 4-3.

Figure 4-4.

Figure 4-5.

Figure 4-6.

Figure 4-7.

Figure 4-8.

Figure 4-9.

Low temperature (0 — 100 K) variation of yy, of DysColnGe, at applied
fields of 100, 500 and 1000 G in order to emphasize the magnetic
ELANSTHIONS . . ..ot e eee ettt et ettt et et e 88

Magnetization curves of Dy4ColnGe, collected at 3 K (solid line) 18 K
(dotted line) and 60 K (dashed line). Inset shows the magnetization
curve at 18 K in the positive fields area. The arrow indicates the
metamagnetic tranSition. ..........ocvieiiiirieii i, 89

Scanning electron micrograph (SEM) image of (A) a flux-grown
Yb3AuGe;In; single crystal and (B) a compact piece of YbAuln...... 106

The overall structure of Yb3AuGe;In; as viewed onto the a,b-plane. For
clarity the bonds to the Yb atoms are not drawn.......................... 110

(A) Projection of the crystal structure of Yb3AuGe;In;, viewed
approximately down the b-axis, where the alternating layers of [Ge;In;]
and [Ybs;Au] are emphasized. (B) Projection of the [Ge;In3] layer onto
the a,b-plane. (C) Projection of the [YbsAu] layer onto the a,b-plane.
The Yb atoms are connected with lines in order to emphasize the
corner-sharing triangles.............ooviiiiiiiiniii i 111

Coordination environment of the Au, Ge, In and Yb atoms. The
coordination sphere cutoffis 3.5 A...............cooiiiiiiini 112

Polyhedral view of the Yb;AuGe;In; structure featuring the connectivity
of the Au-centered In trigonal prisms and the Ge-centered In planar
trigons, inthe g,b-plane................oiiiiiiiiii 113

Stacking of the Ge-centered In trigonal planes and Au-centered In
trigonal prisms along the c-axis. The In trigonal prisms are fused,
forming trigonal columns that extend down the c-axis.................. 113

(A) Temperature dependence of the molar susceptibility ym of
Yb;AuGe;In; (ground samples) with an applied field of 500 G. The
inset shows the plot of 1/ (ym - xo0) versus temperature. (B)
Magnetization data of Yb3AuGe,In; collected at 3 and 150K.......... 116

Temperature dependence of the molar susceptibility ym of Yb3AuGe;,In;
(sample of randomly riented crystals) with an applied field of 1 kG. The
inset shows the magnetization data of the same sample collected at 3 K
and with fields sweeps from -50 to S0kG................... 118

Temperature dependence of the molar susceptibility ym of YbsAuGe;In;
on single crystals, oriented with the c-axis parallel (circles) and normal

Xix



Figure 4-10.

Figure 4-11.

Figure 4-12.

Figure 4-12.

Figure 4-13.

Figure 4-14.

Figure 4-15.

Figure 4-16.

(rhombi) to the applied field of 2KkG..........cooooiiiiiiiiii 119

Field dependence magnetization measurements for both parallel and
normal orientations measured at 5 K between -50 and 50 kG of applied

(A) Temperature dependence of the molar susceptibility ym of
Yb3;AuGe;In; with an applied field of 0.5 kG and with a temperature
rate of 10 K / min for both initial cooling down from RT and collecting
data (A) for a sample of randomly oriented crystals. Inset shows higher
temperature data and (B) ym(7) of the same sample after grinding it
inside a nitrogen filled glove-boX............ccooeviiiiiiiiiiiiiiien, 122

Magnetization data of Yb3;AuGe;In; collected at 2 K and field sweeps
between -55 and 55 kG (A) for a sample of randomly oriented crystals
and (B) same sample after grinding inside a N, filled glove-box. Inset
shows low field data, where arrow indicates a metamagnetic like
11 - IR L4 o) + D PP 124

(C) Low field magnetization data of the ground inside the glove box
Yb3AuGe;yIn; sample. The arrow indicates a metamagnetic like
12100 L1 o) o DO 125

Temperature dependence of the molar susceptibility xm of Yb3AuGe:In;
with an applied field of 0.5 and 1 kG and temperature rates of 10 K /
min (fast cooling) and 1 K / min (very slow cooling) (A) for a sample of
randomly oriented crystals (B) same sample after grinding inside a
nitrogen filled glove-boX........c..coooiiiiiiiiii 128

Magnetization data of YbsAuGe;In; collected at 2, 65 and 200 K and
with a temperature rate of 1 K / min (A) for a sample of randomly
oriented crystals (B) same sample after grinding inside a nitrogen filled
glove-box. Inset shows low fields region...............ccovieiiiiinini, 130

Temperature dependence of the molar susceptibility ym of a ground in
open air YbAuln sample, with an applied field of 1.8 kG. The inset
shows the magnetization data of the same sample collected at 2 K and
with field sweeps from -55t0 S5 kG......coooviiiiiiiiiiiiiiii 132

(A) Temperature dependence of the molar susceptibility ym of YbAuln
of a ground sample and hit pieces one, with applied fields of 1 and 1.5
kG, respectively and fast cooling. Inset shows low temperature data for
pieces sample (B) Magnetization data of both samples collected at 2 K
and field sweeps between -55 and 55 kG. Inset shows low positive fields
07410 o N 135

XX



Figure 4-17.

Figure 4-18.

Figure 4-19.

Figure 4-20.

Figure 4-21.

Figure 4-22.

Figure 4-23.

Figure 4-24.

Figure 4-25.

Figure 4-26.

Figure 4-27.

Figure 4-28.

Temperature dependence of the molar susceptibility of a sample
consisting of randomly oriented pieces for fast and slow cooling rates
with 1 kG applied field............cooooiiiiiiii 137

Temperature dependence of the molar susceptibility ym of YbAuln
sample after it was ground once (slightly) for fast and slow cooling and
reground for second time (harder) for slow cooling. The applied field
was 1 kG for all measurements................cceviiiiiiiiiiiiiininan 138

Temperature dependence of the molar susceptibility y, of a ground
sample of YbAuln of (A) ZFC, FC and FCW modes at 1 kG field (slow
/ fast cooling) and (B) curves in (A) and additional FC / FCW modes at
50, 150, 250 and S00 G fields........ccoiveiniiiiiiiiiiii e 140

Temperature dependence of the molar susceptibility y, of a ground
sample of YbAuln and after pressing it into a pellet for ZFC, FC and
FCW modes at 1 kG applied field and after fast cooling................ 141

Temperature dependence of the molar susceptibility ym of YbAuln of a
sample of compact pieces with crystals approximately oriented with c-
axis parallel to the applied fields of 1 and 5 kG for fast and slow cooling
102188153 £ 1111 (= ¢ L1 143

Comparison of fast/slow cooling magnetization data at various
temperatures for the YbAuln sample of compact pieces with crystals
approximately oriented with c-axis parallel............................... 145

Comparison of slow cooling magnetization data at various temperatures
for YbAuln sample of compact pieces with crystals roughly oriented
with c-axis parallel to applied fields..............ccoovviiiiiiinin. 147

Schematic picture of the hypothetical accumulation of spins forming
small ferromagnetic domains..............cccvviiiiiiiiiiiiiiiiiice, 149

Ly absorption edge spectra of Yb in Yb3AuGe;In; at 295 K (dashed
line) and in YbAuln at 300 K (solid line).................ccoeieiininns 152

Temperature variation of the electrical resistivity o(T) of YbsAuGe;lIn3
from 2.48 to 302.3 K. The dashed line is a fit of the experimental data
(squares) to the Bloch — Griineisen — Mott formula (2). The inset

displays the po(T) data for zero applied field (empty squares) and for 6 T

applied field (solid trigons) for T< 100 K............ccoiiiiiiiiinin 154
Temperature variation of the electrical resistivity o(7) of YbAuln from
4.2 t0 274.3 K and at zero applied field.......................oni 155

The temperature dependence of the thermoelectric power (TEP) of

XX1



Figure 4-29.

Figure 4-30.

Figure 5-1-1.

Figure 5-1-2.

Figure 5-1-3.

Figure 5-1-4.

Figure 5-1-4.

Figure 5-1-5.

Figure 5-1-6.

Figure 5-1-7.

Figure 5-1-8.

Figure 5-1-8.

Yb3;AuGe;In; measured in the temperature range of 310 — 700 K......156

Heat capacity (Cp) of YbsAuGe;In; measured from 1.8 to 50.3K. The
experimental data (circles) are fitted with Debye formula (2) (solid

Heat capacity (Cp) of YbAuln measured from 1.8 to 50.3K. The
experimental data (circles) are fitted with Debye formula (2) (solid

Scanning Electron micrograph (SEM) images of flux-grown single
crystals as well as aggregates of CeAuGeln crystals..................... 179

The overall structure of CeAuGeln as viewed approximately onto the
b,c-plane. For clarity the bonds to the Ce atoms are not drawn.........182

The overall structure of CeAuGeln as viewed approximately down the
c-axis. For clarity the bonds to the Ce atoms are not drawn............ 182

(A) Projection of the [Auln]: PbO-type layer onto the a,c-plane, (B) a
rotated view of the [Auln] slab where the puckered form of the layer is
emphasized.............coooiiiii 183

(C) an alternative view of [Auln] layer where the square Ge sheets are
highlighted...... ..o 183

Coordination environment of the crystallographically unique Ce atom.
The coordination sphere cutoffis 3.65 A...............ccoeevviiinnnnnnn, 183

(A) Polyhedral b,c-view of the CeAuGeln structure, featuring the three-
dimensional network of condensed distorted Au-centered InsGe square
pyramids and Ge zigzag chains and (B) details of the pyramids
connectivity. One pyramid polyhedron has clear faces for clarity......184

Temperature dependence of the molar susceptibility ym(7) of CeAuGeln
measured on single crystals randomly oriented with applied fields of 0.3
KG and TKG....o.oiiiiiiiiiiii et ans 186

(A) Field variation of the magnetization of CeAuGeln collected at 2, 8,
11and 60 Koot e e, 188

(B) Magnetization curve at 2 K at low fields (0 — 22 kG) emphasizing
the metamagnetic transition, indicated by the arrow. The solid line
indicates a linear behavior of M(H) below the metamagnetic transition
At He= 3 KG. oo e 189

xxii



Figure 5-1-9.
Figure 5-I-
10.
Figure  5-I-
11.

Figure 5-11-1.

Figure 5-11-2.

Figure 5-11-3.

Figure 5-11-4.

Figure 5-1I-5.

Figure 5-11-6.

Figure 5-11-7.

Figure 6-1.

Figure 6-2.

Temperature dependence of the susceptibility M/H of CeAuGeln
measured on a compact piece composed of several crystals oriented
with applied fields of 5 and 50 G (A) parallel to b-axis and (B)
perpendicular t0 H-axiS..........oviiiiiiiiii e 191

Temperature variation of the electrical resistivity o(7) of CeAuGeln
from 1.58 to 35 K with applied fields of 0, 1, 2, 3 and 4 Tesla along the
b-axis. The inset displays the o(T) data for zero applied field for a
temperature range of 1.58 — 108 K. 193

Lyj-edge absorption spectra of Ce in CeAuGeln at 16 K (solid line) and
300 K (dashed line). The spectrum of CeO, at 16 K (dotted line) is also
given fOr COMPATISON. ......ouiirit ittt et eeeneeaaes 195

Scanning Electron micrograph (SEM) images of flux-grown EuAuGeln,

The overall structure of EuAuGeln; as viewed approximately onto the
a,c-plane. For clarity the bonds to the Eu atoms are not drawn, and only
Ge(l) and Au(2) are shown for the two mixed-occupied sites of
Au(1)/Ge(1) and Au(2)/Ge(2), respectively.........coovvvivviiiinnn.. 209

(A) Projection of the [AuGeln;]: PbO-type layer onto the a,b-plane, (B)
a rotated view of the [AuGeln;] slab where the puckered form of the
layer is emphasized............cccoiiiiiiiii 209

(A) Eu atoms layer as viewed approximately in the ag,c-direction. Eu-Eu
bonds are drawn to emphasize the Eu atoms arrangement within the
layers. (B) Coordination environment for the Eu atom out to 3.7112

Polyhedral a,c-view of the EuAuGeln, structure featuring the
interconnection of layers consisting of condensed In-centered
Au(2),Ge(1)a tetrahedra........c.oovviiiiiiii i 211

The overall structure of CeAuGeln as viewed onto the b,c-plane and the
overall structure of EuAuGeln; as viewed onto the a,c-plane.......... 213

Temperature dependence of the susceptibility M/H of EuAuGeln;
measured on randomly oriented crystals with applied fields of 1 G for
the ZFC mode (solid rhombi) and 10 G for the FC mode (open

L3 (6] (1) 214
Scanning Electron micrograph (SEM) images of flux-grown crystals of
(A) YbsCrGeg, (B) YbsFeGegand (C) YbsCoGes......ovvvvnvninininennn. 251

The overall sub-structure of YbsCrGeg as viewed approximately onto

XXiil



Figure 6-3.

Figure 6-4.

Figure 6-5.

Figure 6-6.

Figure 6-7.

Figure 6-8.

Figure 6-9.

Figure 6-10.

Figure 6-11.

the b,c-plane. For clarity the bonds to the Yb atoms are not drawn....254

The overall sub-structure of YbsCrGes as viewed approximately down
the c-axis. For clarity the bonds to the Yb atoms are not drawn........ 255

(A) Projection of a fragment of the [Cr;,4sGe(2),]: PbO-type layer onto
the a,c-plane (B) a rotated view of the [Crj,sGe(2),]: slab where the
puckered form of the layer is emphasized.....................oeeiinnl. 255

(A) Projection of a fragment of a modulated g,c-layer for YbsCrGes.
Everything with less than 20% occupancy is plotted as a vacancy. The
bond distance cutoff is 2.7 A. (B) a rotated view of the a,c-plane where
the puckered form of the layer is emphasized............................. 256

(A) Projection of a fragment of a modulated a,c-layer for YbsFeGes.
Everything with less than 20% occupancy is plotted as a vacancy. The
bond distance cutoff is 2.7 A. (B) a rotated view of the a,c-plane where
the puckered form of the layer is emphasized............................. 257

(A) Projection of a fragment of a modulated g,c-layer for Yb;CoGes.
Everything with less than 20% occupancy is plotted as a vacancy. The
bond distance cutoff is 2.7 A. (B) a rotated view of the a,c-plane where
the puckered form of the layer is emphasized............................. 258

The modulated Ge square net, described with Ge-Ge dimmers in
Yb4CrGeg. The Ge-Ge bonds were drawn within the cutoff distance of
2.7 A. The parallel to the bonds numbers represent the Ge-Ge dimer
bond lengths, whereas the horizontal numbers represent other Ge-Ge
QESTANCES. ..ot tneee ettt e 259

The modulated Ge square net, described with Ge-Ge dimmers in
YbsFeGes. The Ge-Ge bonds were drawn within the cutoff distance of
2.7 A. The parallel to the bonds numbers represent the Ge-Ge dimer
bond lengths, whereas the horizontal numbers represent other Ge-Ge
QISTANCES. ... ov e 260

The modulated Ge square net, described with Ge-Ge dimmers in
Yb4CoGeg. The Ge-Ge bonds were drawn within the cutoff distance of
2.7 A. The parallel to the bonds numbers represent the Ge-Ge dimer
bond lengths, whereas the horizontal numbers represent other Ge-Ge
QUSTANCES. . vttt e 261

(A) Temperature dependence of the molar susceptibility ym(7) of
YbsCrGeg with an applied field of 1 kG. Inset shows the inverse
susceptibility 1/yn(7) data. (B) Field variation of the magnetization of
YbsCrGeg collected at S K.....ovniiiiiiii, 265



Figure 6-12.

Figure 6-13.

Figure 6-14.

Figure 6-15.

Figure 6-16.

Figure 6-17.

Figure 6-18.

Figure 6-19.

Figure 6-20.

Figure 6-21.

Figure 6-22.

Figure 6-23.

Figure 6-24.

(A) Temperature dependence of the molar susceptibility yn,(7) and
inverse susceptibility 1/y,(7) of YbsFeGeg with an applied field of 600

G. (B) Low temperature data of yn(7), where arrows indicate possible
162111 1 (o) 1 J OO UON 266

(A) Field variation of the magnetization of YbsFeGeg collected at 2 K.
(B) Temperature dependence of the susceptibility M/H of YbsFeGes
measured on randomly oriented crystals with an applied of field of 10 G
for ZFC mode and for FCmode.............ccooiieiiiiviiiiiiiii, 267

Yb Ly-edge absorption spectra of YbsCrGeg at 15, 100 and 300 K...269

Yb Lj-edge absorption spectra of YbsFeGeg at 30, 80, 160 and 300

Difference plots for YbsCrGes generated by subtracting the data taken at
100 and 300 K fromthe 1ISK data...........c..oooiiiiiiiiiiiiiii, 272

Difference plots for YbsFeGes generated by subtracting the data taken at
80, 160 and 300 K from the 30 K data...............cccveveininnininnnen. 273

Difference plots for YbsCoGes generated by subtracting the data taken
at 80, 160 and 300K fromthe 30 K data................coeivinninnnn.n. 274

Temperature dependence of a,b,c cell axes for (A) YbsCrGeg 2 and (B)
YbsCrGes_3 single crystals. Temperature range 15 — 90 K measured at
ANL and 100 -300 K at NU.......cooiiiiiiiiii e 281

Temperature dependence of the cell volume for YbsCrGes 2 and
YbsCrGeg_3 crystals. Temperature range 15 — 90 K measured at ANL
and 100 —300 K at NU......ooiiiiiiiiiiiiiii e 282

Temperature dependence (A) of a,b and ¢ cell axes and (B) of cell
volume for an YbsFeGes single crystal. Whole temperature range 10 —
320K measured at NU.......cooiiiiiiiiiiiiiccieieeaeas 283

Temperature dependence of (A) cell volume and (B) a,b and c cell axes
for an YbsCoGeg single crystal. Temperature range 15 — 90 K measured
at ANLand 100-300K at NU.......cocooiiniiiiiiiiiinie 284

Heat capacity (Cp) for YbsCrGeg measured from 2.96 to 50.8 K. The
experimental data (circles) are fitted with Debye formula (1) (solid

XXV



Figure 6-25.

Figure 7-1.

Figure 7-2.

Figure 7-3.

Figure 7-4.
Figure 7-5.

Figure 7-6.

Figure 7-7.
Figure 7-8.

Figure 7-9.

Figure 7-10.

Figure 7-11.

Figure 7-12.

Figure 7-13.

Temperature variation of the electrical resistivity p(7T) of YbsFeGeg from
2.28 to 301.75 K with at zero applied field.....................coooei 288

High resolution powder X-ray diffraction pattern for CeCugln........ 304

Scanning electron micrographs of flux-grown crystals of (A) typical
NdCus 125Ins 875 (B) SmCuslng and (C) YbAgs 1s3Ine g3, respectively...324

The overall structure of ErCus »3Ins 77 as viewed onto the b,c-plane. For

clarity the bonds to the Er atoms are not drawn........................... 327
The corrugated Cu layers running parallel to the c-axis................. 328
[010] projection of the Cu net along the b-axis..........c..ccoevvennnnn. 328
Projection of the layer of In cages and Er atoms in approximately the a,c
PlANE. .. .e i e 329
The In-Cu polyhedral cage hosting the Er atom.......................... 329
Polyhedra representation of the ErCug »3Ins 77 structure.................. 330

The variation of RECug.xInex unit cell volume across the rare-earth
LT 5 (= T 330

(A) Temperature dependent magnetic susceptibility yn(7) and its
inverse 1/ym(7) for CeCuglng measured with an applied field of 2 kG.
(B) Field dependent magnetization measured at 3 K for CeCuglng....332

(A) Temperature dependent magnetic susceptibility yn(7) and inverse

1/¥m(T) data for NdCug j25sIns 375 measured with 1 kG of applied field.
(B) Field dependent magnetization measured at 3 K for NdCug 2sIns g75

(A) Temperature dependent magnetic susceptibility ym(7) data for
SmCuglng measured with an applied field of 0.5 kG. (B) Field
dependent magnetization data measured at 2 K for SmCuglns......... 336

(A) Temperature dependent magnetic susceptibility yy,(7) data for
GdCuglne measured with an applied field of 1 kG. (B) Field dependent
magnetization data measured at 2 K (solid triangles) and 300 K (open
circles) for GACugIng.........c.oovviiiiiiiii e 338

XXVi



Figure 7-14.

Figure 7-15.

Figure 7-16.

Figure 7-17.

Figure 7-18.

Figure 7-19.

Figure 7-20.

Figure 7-21.

(A) Temperature dependent magnetic susceptibility ym(7) and its

inverse 1/ym(T) for DyCug)3Ins 77, measured at 1 kG field. (B) Field
dependent magnetization at 3 K for DyCug »3Ins 77. The arrow indicates
the reorientation of the spins...............cooooviiiiiiiiiiii 340

(A) Temperature dependent magnetic susceptibility ym(7) and inverse

1/¥m(T) data for HoCug ;Ins 39 measured with 1 kG of applied field. (B)
Field dependent magnetization data measured at 2 K (open circles) and
300 K (solid rhombi) for HoCus 11Ins g9. Inset: shows data at 300 K up to
35 kG of field. Inset: shows data at 300 K upto 35 kG of field.........342

(A) Temperature dependent magnetic susceptibility ym,(7) and its

inverse 1/ym(7T) for ErCug)slns+7. Inset: shows the antiferromagnetic
peak at 3.5 K. (B) Field dependent magnetization at 2 and 10 K for
ErCu6,23In5,77 ................................................................... 344

(A) Temperature dependent magnetic susceptibility yn(7) data for
YbCuglng measured with applied fields of 0.6 kG (triangles) and 3 kG
(circles). (B) Field dependent magnetization data measured at 2 K for

(A) Temperature dependent magnetic susceptibility yn(7) and inverse

1/xm(T) data for YbAgs sIne 33 measured with an applied field of 2 kG.
(B) Field dependent magnetization data measured at 2 K for
YbAgs,lgIn(,,ajg .................................................................. 348

Ly-edge absorption spectra of Ce in CeCuglng at 16 K (solid line) and
300 K (dashed line). The spectrum of CeO, at 16 K (dotted line) is also
given for COMPAriSON. .....vueieiiiit i eaeans 351

Ly-edge absorption spectra of Yb in YbCuglng at 16 K (solid line) and
295 K (dashed line). The spectrum of CeO; at 16 K (dotted line) is also

given for COMPAriSON. ... ...coeiuiuieiiiiiiiiie e 352

Ly-edge absorption spectra of Yb in YbAgeIne at 18 K (solid line) and
295 K (dashed line)..........coouvviiiiiiiiiiiiiiii 353

xXXvii



CHAPTER 1

Introduction

1-1. Introduction to Intermetallics, Selected Properties and Applications

Solid state chemistry is a multidisciplinary field that deals with the synthesis,
structural determination and physical properties characterization of various solids, and it
has been playing an increasingly significant role in the design and preparation of new
advanced materials. Solid state compounds have been the foundation of the electronics
industry for many years and contribute extensively in many other emerging technologies,
such as microelectronics, nonlinear optics, superconductivity, thermoelectric and
photovoltaic energy conversion and storage, nanotechnology, advanced ceramics,
information packaging and aerospace applications.'

Intermetallic compounds consist one of the oldest and largest class of solid state
materials. The evolution of intermetallic compounds can be traced back to ancient times
(e.g. amagalm use, CusHg, Ag,Hgs, for dental applications)'' but the recognition of their
existence and some basic study of their physical properties started only in 1839,'? and it
took more than a century for the first systematic investigation results to be reported.'*"
During that time an increasing number of binary and ternary compounds were found and
considerable efforts were made in an attempt to establish the rules relating to the stability
of different phases. Thus intermetallics had come into focus as high-performance

materials.”> Ever since a growing attention to these metallic compounds has been given

by both pure and applied materials scientists and has resulted in the discovery of a vast



variety of intermetallic compounds that exhibit numerous structures'’ and a wealth of
interesting physico-chemical and mechanical properties.'"'¢!

A class of such materials the intermetallic tetrelides (Si, Ge, Sn) are both
scientifically and technologically important. They are the subject of continuous interest
because of their intrinsic properties such as hardness, chemical stability, high melting
pointsl8 and superconductivity’ and they found intriguing applications including high-
temperature structural materials,'® high-T furnaces,'® high-T coatings?® and thermoelectric
energy conversion.’ A notable compound is the MoSi; and its alloys, which combines
very high melting point, low density and outstanding oxidation resistance and finds
applications such as electronic devices, heating elements, energy conversion devices,
glass melting and other."’

Intermetallic compounds are like any other compound that is they have precise
proportions of two or more metallic elements (or metalloids) that form periodic
crystalline solids with different structures from those of the component elements. They
should not be confused with the conventional metal alloys, as they differ greatly. An
intermetallic compound is a chemical compound that has a definite atomic formula, with
a fixed or narrow range of chemical composition. An example is the binary NizAl,.
Conventional alloys, on the other hand, comprise a homogeneous solid solution or a
multiphase mixture of one or more metals, with randomly distributed atoms (disordered)
and without having any particular chemical formula. Essentially, they consist of a base
material to which certain percentages of other elements have been added as in the case of

the very well-known stainless steel, an alloy with a composition of Fe-18%Cr-8%Ni.



Another significant difference between the two types of materials is also the way
the atoms are connected. In the conventional alloys, the atoms are connected with weak
metallic bonds and the electrons freely move amongst the atoms (good conductors). On
the contrary, in intermetallics the bonds can be metallic but they can also be partly ionic
or covalent, and therefore stronger. The stronger bonding and the high degree of ordering
as the individual atoms occupy preferred positions within the crystal lattice, leads to the
characteristic mechanical properties of intermetallics.

Crystal structures of intermetallic compounds vary significantly with the
particular combination of constituent elements in them and in turn, the physical and
chemical properties of intermetallic compounds depend strongly on the adopted
structures. The formation of a particular structure is largely because the bonding between
unlike atoms is often stronger than between like atoms. The result is an ordered atom
distribution where atoms are preferentially surrounded by unlike atoms. In the past,
various criteria, models, rules, and theories based on atomic size effects, electronic
effects and electronegativity had been developed in order to explain the nature of the
complex relationship between structure types and the kinds of the combining metal
atoms.'® However, despite the great effort to rationalize the rules governing the existence
of the huge number of intermetallic phases there is still a great difficulty in fully
understanding the compositions, bonding and assignment of oxidation states for
individual atoms.

Due to the vast diversity of the intermetallic phases and their behaviour, it is a
very difficult task to classify them into groups and it is even harder to try and generalize

their properties. Nonetheless, there are some fundamental properties that can be roughly



observed in every group: high melting point, high hardness, high wear resistance, low
ductility and good oxidation or corrosion resistance in many cases. These properties
make the intermetallics exceptional materials for structural, heat resistant and corrosion
resistant applications.'” However, some intermetallics, mainly polycrystalline ones, are
brittle at room temperature and this is the main obstacle to structural applications. For
that reason many attempts have been made to improve their properties through structural
modification, for example, by adding ternary elements into mother compounds. This is
why the prediction of crystal structures is indeed a first step to the successful design of
intermetallic compounds.

Furthermore, many intermetallic materials are widely used in many other
technological applications such as electronic, magnetic and battery applications'’ due to
their important physical properties such as superconductivity and permanent
magnetism,”"* shape memory effects (mainly NiTi, NiAl, CuZn),”?* catalytic activity®
as well as lithium and hydrogen storage capacity.?*?® It can thus logically concluded that
intermetallic compounds are useful materials and marks the importance of developing

and utilizing low temperature and practical methods for their synthesis.

1-2. Motivation for the Use of Molten Metal Fluxes as Synthetic Media

The majority of the melting points of the starting materials employed in the
synthesis of intermetallics such as the rare earth metals, the transition metals and some
main group elements are generally over 1000 °C. The melting points of some examples
are 1407 °C for Dy, 1072 °C for Sm, 1875 °C for Cr, 1495 °C for Co, 2500 °C for Ru,

1410 °C for Si. For this reason, intermetallic compounds have been traditionally prepared



through high temperature methods (often > 1500 °C) usually by means of techniques such
as arc-melting, induction heating or powder metallurgy. This is required to facilitate the
solid-state diffusion of the high melting solids involved.? Such reaction conditions,
combined with long annealing times and frequent regrinding steps for powder
preparations, are often necessary to overcome the limitations of solid-solid diffusion.

The synthetic conditions, presented above, lead to two important limitations.
Such high temperature reactions generally afford the most thermodynamically stable
phases (usually simple binary or ternary compounds) which frequently prevent the
exploration of possible complex phases that could be more kinetically stable. At the same
time, the fast overall reaction times involved in these reactions and the frequent
regrinding steps in some cases, normally result in microcrystalline products which limit
their accurate structural and physical characterization, especially if they are anisotropic in
nature.

A variety of techniques have been developed to overcome the limitations inherent
in this traditional approach and yield intermetallics at lower temperatures. Examples of
low temperature approaches include solvothermal techniques,”® high-energy ball
milling,*' electrodeposition,’* chemical vapor deposition (CVD), gas-phase condensation
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and solution-mediated routes, and molten flux synthesis.*®?’ Particularly, crystal

3842 41.43,44

growth employing metals or salts as fluxes has been known for a long time,
while in recent years, the use of molten metals as solvents for the synthesis of new
materials has attracted increasing attention>*“*>* The advantages of this method which
uses an excess of a molten metal as a flux in which the reactant elements dissolve include

enhanced diffusion of the reactants facilitated by the solvent and usually large, high-



quality crystal growth directly from the solution. Additionally, the lower reaction
temperatures allow better kinetic control and the trapping of kinetically stable phases,
giving more flexibility to yield novel multinary compounds that are unattainable through
traditional high temperature synthetic techniques.

In the cases where the employed molten metal flux acts only as a solvent and is
not included in the final product it is called a “non-reactive flux,” whereas when the flux
element gets incorporated into the product compound it is characterized as a “reactive
flux.” Nevertheless, in order for a metal to be a suitable flux for synthetic reactions
several key conditions must be met. Firstly, the metal should melt at relatively low
temperatures so it does not require the use of special containers or heating equipment
while at the same time there should be a big difference between its melting and boiling
point. Additionally, the solvent should dissolve sufficient amounts of the solutes and it
should not react with them to form stable binary phases that could prevent the formation
of the desired product. Finally, the excess metal should be easily removed by means of

chemical or mechanical methods from the final products.

1-3. Use of Molten Al, Ga and In for the Exploratory Synthesis of Rare Earth
Transition Metal and Tetrel Containing Intermetallic Compounds

Under the above mentioned criteria the group III elements (mainly Al, Ga, and In)
constitute excellent candidates for use as liquid synthetic media. In the past few decades,
our group, as well as others, has investigated the use of molten Al and Ga which has
proven invaluable for exploring new intermetallic systems. Particularly, Al melts at 660

°C while it has a boiling point of 2792 °C. Additionally, inspection of the Al-containing



alloy phase diagram directly reveals the large number of compounds that are soluble in
molten A1, whereas the excess of aluminum can be easily removed from the products
by submersion in a base solution of NaOH. Investigations of molten Al in the system
RE/TM/Al (where RE = rare earth metal and TM = transition metal) by Jeitschko and his
coworkers resulted in numerous ternary compounds, where Al principally acts as reactive
flux and produces often Al-rich products.’’

Our group has recently initiated a project where molten Al is used to investigate
the reactivity of the quaternary systems RE/TM/AI/Si or Ge (RE = rare earth metal, TM =
transition metal) which readily gave rise to new complex quaternary phases with some
adopting new structure types or exhibiting interesting magnetic properties.**® Some
examples include the Sm;Ni(Si;.«Nix)AlL:Sis,"” REgRu;2ALeSic™ and RE;NiAlLGe,*
compounds. In these cases, notable features revealed from this chemistry is the inclusion
of Al into the crystal structure as well as the reducing ability of Al which allows it to
reduce stable oxides such as perovskites MTiO; (M = Ca, Sr, Ba) to intermetallic
compounds, as it has be shown in the case of M3Au6+xAlz(,Ti.7° Furthermore, we observed
that even though the Si and Ge in these systems exhibit parallel chemistry, however they
do not always produce isostructural analogs. Similar explorations of the reactivity of Si
and Ge in the system RE/Au/Al resulted in the homologous series of tetragonal
compounds RE(AuAlz),,Alz(Au,(Si..x)65 for Si while for Ge gave the rhombohedral
REAuAl,Ge; and the tetragonal REAuAly(Au,Ge,.,), families of compounds.”’

The remarkable success observed in the systematic investigations of molten Al as

a preparative tool for the synthesis of ternary and quaternary intermetallic phases led us

to extend this research to Ga. Ga holds similar properties that make Al such a viable



synthetic flux. In particular, Ga has a quite low melting point of 29 °C and a high enough
boiling point of 2200 °C. Furthermore, it readily dissolves Si and Ge without forming
binary phases while it dissolves a number of rare earth and transition metals.’® Finally, it
can be easily removed from the products by chemical or mechanical means. Interestingly,
when Ga was employed in analogous reactions within the RE/TM/Si system as Al,
generally yielded Ga-free products (e.g. SmNiSiz)” or Si-free products (e.g. SmyNi;Sis
and Sm;NiGay;).”>™ This is in contrast with the corresponding Al work where it was
found that it is impossible to synthesize Al-free silicides. When Si is replaced by Ge in
the Ga flux reactions however, quaternary compounds such as RE;Ni;GagGe;'> and
GdCo;.,(Ga3Ge376 are readily observed. These are surprising differences in reactivity
given the élose relationship of Al to Ga and Si to Ge respectively. These results imply
that there is much new chemistry and reactivity to be learned by studying fluxes of
related elements.

Upon this concept, we have recently expanded this work to also include molten In
as a synthetic medium in parallel to Al and Ga systems. Indium possesses similar
characteristics that make Al and Ga ideal metals for the flux technique, which are its low
melting point at 156 °C and high boiling point at 2080 °C, it does not form binary phases
with Ge or Si,”” and it’s easy to remove through mechanical or chemical means.
Furthermore, In has the ability to dissolve Si, Ge and a host of lanthanide and transition
metals, resulting in highly reactive forms of the elements. Indium flux, although it has
been commonly used in the past for the crystal growth of primarily known binary and
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ternary phases it has been less exploited as a synthetic tool for the discovery of new

compounds compared to Al and Ga, particularly for quaternary phases, despite the most



848950 this area is relatively unexplored. Some of the intermetallic systems

recent efforts,
that have been prepared with liquid In by other groups are CeTlIns and Ce,TIng,52%*!
YbTIns,”>” RE;Cu,In*® and EuCu,Si,.**

Preliminary results from the synthetic investigations of molten In as a solvent in
the system RE/TM/Ge conducted by previous member of our group, Dr. J. R. Salvador,
suggested that indium acts mainly as a non reactive flux with germanides in the same
way that gallium acts as a non reactive flux with silicides. That work resulted in the new
ternary germanides RE,Zn;Gegs (RE = La, Ce, Pr, Nd) which exhibit near Zintl phase
behavior’ and in the stabilization of a new S-form of the RENiGe; (RE = Dy, Er, Tm,
Yb, Lu) compounds that could only be synthesized exclusively from In flux.’
Additionally, the new ternary orthorhombic indides REAu21n497 were formed with the
rare earth metals of La, Ce, Pr and Nd while Yb metal gave a different compound that has
the same composition of YbAu;In, but crystallizes in a monoclinic space group.®® Finally,
after careful experimental condition control the first quaternary compound in the system
RE/TM/Ge/In, RE4Ni;InGe, (RE = Dy, Ho, Er, Tm) was formed.*

The tremendous success of our systematic investigations of Al and Ga fluxes as
well as the preliminary results of In, justifies the present work which constitutes an
expansion of that research to include molten In as preparative tool for the discovery of
new intermetallic compounds. The biggest part of this project represents the exploratory
synthesis of novel quaternary compounds in the system containing a rare earth, a
transition metal, germanium metal and indium metal. Intermetallic compounds of the

ternary systems RE/TM/In and RE/TM/Ge include numerous new intermetallic phases

that exhibit rich structural variety and interesting physical properties and have been



extensively investigated in the last few decades.'>'"'™ Thus, our goal is to exploit the
ability of liquid In as a reactive flux in the system RE/TM/Ge/In and discover new
complex multinary compounds that could exhibit interesting structural features as well as
chemical and physical properties. Additionally, by studying In/Ge systems analogous to
Al/Ge and Ga/Ge ones could help us draw parallel and trends in this chemistry, which
could further shed light in understanding the chemical reactivity of the systems as well as
the composition, structure and properties of the resulting products. Under this scope, we
have performed studies of the systems RE/Co/Ge/In, RE/Ni/Ge/In and RE/Au/Ge/In and
we have succeeded in isolating a number of novel quaternary compounds. Results of the
study of their structural features and physical behavior are discussed in chapters 2-5 of
this work.

Among intermetallics that are likely to be stabilized in metallic fluxes, we are
particularly interested in the Ce and Yb-containing ones because they can display a
wealth of intriguing properties which are associated with their valence instability.'*>'%
Both RE ions can exhibit two electronic configurations that are closely spaced in energy:
the magnetic Ce** (4/') and the nonmagnetic Ce** (4/°) for Ce and the magnetic Yb**
(4f'3) and the nonmagnetic Yb** (4]'4) one for Yb. Due to this feature Yb is usually
considered as the “/~hole” analogue of Ce. The intriguing physical phenomena that these
compounds often exhibit include intermediate valence (/V) or valence fluctuating
behavior, unusual magnetism, Kondo and heavy-fermion (HF) behavior and
superconductivity,'®'%!71"! These properties are generally believed to arise from the
strong hybridization (interaction) between the localized 4f electrons and the delocalized

s,p,d conduction electrons.'®!'? Due to these phenomena that these materials may
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display focus of the physical characterization of the compounds discovered in this project
is placed in the magnetic properties and the Yb-, Ce-valency of the corresponding
compounds which is studied with X-ray Absorption Near Edge Spectroscopy
measurements (XANES).

In our explorations of the systems Yb/TM/Ge/In we have also found the new
ternary YbsTMGeg (TM = Cr, Fe, Co) compounds where In acted only as a solvent
without being incorporated into the final product and are presented in Chapter 6. Finally,
in Chapter 7 we present results of our studies of the ternary systems RE/Cu/lIn and

RE/Ag/In.
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CHAPTER 2
Mixed Valency in Yb,TM InGe;; (TM = Co, Ni): a Novel Intermetallic

Compound Stabilized in Liquid Indium

2-1. Introduction

Molten metals can be excellent solvents for the synthesis of new intermetallic
compounds.' For example, molten Al when used to investigate the reactivity of the
quaternary systems RE/TM/Si(Ge) (RE = rare earth metal, TM = transition metal) readily
gave rise to new complex quaternary phases such as Sm;Ni(Si;..Ni,)ALSis
REsRU|2Al4gsi93 and RE,NiAl;Ge,.* In these cases a notable feature of this chemistry is
the inclusion of Al into the crystal structure. Interestingly, when Ga was employed in
analogous reactions within the RE/TM/Si system, generally yielded Ga-free products
(e.g. SmNiSi;s) or Si-free products (e.g. szNi3Si56 and szNiGalz).7 When Si is
replaced by Ge in the Ga flux reactions however, quaternary compounds such as
RE3Ni3,Ga3Ge38 and GdCol.,(GagGe.9 are readily observed. These are surprising
differences in reactivity given the close relationship of Al to Ga and Si to Ge
respectively. These results imply that there is much new chemistry and reactivity to be
learned by studying fluxes of related elements.

Recently, we extended this work to include molten In as a solvent in the system
RE/TM/Ge.'” ! Indium has been extensively used for the crystal growth of primarily
known binary and ternary phases;' however, it has been less exploited as a synthetic flux
medium compared to Al and Ga, especially for quaternary compounds.'*'® Our work in

In flux has led to very few quaternary phases such as the RE4Ni,InGes '’
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Among intermetallics that are likely to be stabilized in metallic fluxes, the Yb-
containing ones are particularly attractive because they can display intriguing properties
caused by the diverse character of their f electrons.'® These electrons can play a dynamic
role in bonding leading to intermediate valence, unusual magnetism, Kondo and heavy-
fermion behavior, to name just a few.'® Yb can exhibit two valence states concerning the
non-magnetic 4f'* (Yb**) and magnetic 4f"> (Yb*") electronic configurations. For this
reason we investigated the reactivity of the Yb/Co/Ge system in liquid indium. Here, we
present the ordered quaternary intermetallic compounds RE;Co4InGe;; (RE = Dy, Ho and
Yb) as well as the Ni analog Yb;NisInGe,,. This is another example besides REsNi,InGey
where In is acting as a reactive flux in the RE/TM/Ge system. The Yb analogs are mixed
valence compounds with predominant Yb>* ions with Yb;Co4InGe,, exhibiting negative

magnetoresistance.

2-2. Experimental Section
Reagents:

The following reagents were used as purchased without further purification: Yb,
Dy, Ho (in the form of powder ground from metal chunk, 99.9%, Chinese Rare Earth
Information center, Inner Mongolia, China), Co (-325 mesh 99.9% Cerac Milwaukee
WI), Ni (-325 mesh 99.9% Cerac Milwaukee WI), Ge (ground from 2-5 mm pieces
99.999% Plasmaterials Livermore, CA) and In (tear drops 99.99% Cerac Milwaukee,

WI).
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Synthesis:

Method A: The RE;CosInGe;; (RE = Dy, Ho, Yb,) and Yb;NisInGe,; compounds
were obtained by combining 3 mmol of the corresponding rare earth metal, 2 mmol
cobalt or nickel, 3 mmol germanium and 15 mmol In in an Al,O; (alumina) crucible
under an inert nitrogen atmosphere inside a glove-box. The crucible was placed in a 13
mm fused silica tube, which was flame sealed under vacuum of 10 Torr, to prevent
oxidation during heating. The reactants were then heated to 1000 °C over 10 h,
maintained at that temperature for 4 h to allow proper homogenization, followed by
cooling to 850 °C in 2 h and held there for 48 h. Finally, the system was allowed to
slowly cool to 50 °C in 48 h. The reaction product was isolated from the unreacted In by
heating at 350 °C and subsequent centrifugation through a coarse frit. The remaining flux
was removed by immersion and soniqation in glacial acetic acid for 48 h. The final
crystalline product was rinsed with water and dried with acetone. The yields of the
reactions were 20-70% with purity ranging from 30% to 80% depending on the RE metal.
Several crystals, which grow as metallic silver needles and tend to aggregate, were
carefully selected for elemental analysis, structure characterization, differential thermal
analysis, magnetic susceptibility, XPS, XANES and resistivity measurements.

Method B: Yb;Co4InGe); was also prepared by combining 6 mmol ytterbium
metal, 2 mmol cobalt, 5 mmol germanium and 15 mmol In in an Al;O; (alumina) crucible
under an inert nitrogen atmosphere inside a glove-box. The reactants were then heated
under the same heating profile as in method A. This method increased the purity (90 %)

and the yield (80 %) of the target phase. Attempts to generate the Yb;Co4InGe,; phase by
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direct combination of the elements in their stoichiometric ratios and heating in a RF
induction heating furnace were not successful.

Yb;NisInGe;; was initially prepared by combining 6 mmol ytterbium metal, 2
mmol cobalt, 5 mmol germanium and 15 mmol In in an Al;O; (alumina) crucible under
an inert nitrogen atmosphere inside a glove-box. The reactants were then heated under the
same heating profile as in method A. It was later found that by mixing the reactants in the

alternative ratio of 4:1:4:15 for Yb/Ni/Ge/In improved the yield in YbsNigInGe,,.

Elemental Analysis:

Semi-quantitative microprobe elemental analysis was performed on several
crystals of the compound using a JEOL JSM-35C scanning electron microscope (SEM)
equipped with a Noran Vantage Energy Dispersive Spectroscopy (EDS) detector. Data
were acquired by applying a 25 kV accelerating voltage and an acquisition time of 40 s.
A typical needle-like crystal of Yb;CosInGe; is shown in Figure 1. The EDS analysis
taken on visibly clean surfaces of the Yb;CosInGe,; crystals gave the atomic composition
of 31.5% Yb, 17.3% Co, 3.9% In and 48.4% Ge (YbgCo44InGe,;5), which is in good
agreement with the results derived from the single crystal X-ray diffraction refinement.
Similar stoichiometric ratios were determined for the other RE analogs as well as the Ni

one.
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X-ray Crystallography:

RE;Co4InGey2, The X-ray intensity data were collected at room temperature
using a Bruker SMART Platform CCD diffractometer with graphite monochromatized
Mo Ka (4 = 0.71073 A) radiation. The SMART software was used for data acquisition
and SAINT for data extraction and reduction.”” An empirical absorption correction was
applied using the program SADABS? and the structure of Yb;Co4InGe;; was solved by
direct methods and refined with the SHELXTL package programs.?' A stable refinement
was accomplished only in the tetragonal space group P4/m. Standardization of the atomic
positions of Yb;CosInGe,; was performed with Platon-Structure Tidy application of the
WinGX package software.?” Solutions of the Dy and Ho analogs were obtained by using
the solution of Yb;CosInGe,; as a starting point, with the final refinement done using
SHELXTL. Interestingly, the Co and Ge(2) positions in the Dy and Ho analogs are
switched compared to the Yb analog, and the Ge(3) atom is repositioned. This model
gave a far better R values. For example, for the Dy and Ho analogs we obtain R1=0.0258
and 0.0464 respectively. This compares to R; = 0.0500 and wR; = 0.0515 for the wrong
model i.e. the one with the positions left unswitched (Yb-analog model). In addition,
when these two sites are positioned as in the Yb analog the thermal displacement
parameters become unreasonable. Data collection and structure refinement details are
given in Table 2-1. The final atomic positions, equivalent isotropic displacement
parameters and anisotropic displacement parameters are listed in Table 2-2 and 2-3.

Yb;sNisJInGe,;, The X-ray intensity data were collected at room temperature using
a STOE IPDS 2T (with additional capability of 26 swing of the detector) diffractometer

with graphite-monochromatized Mo Ka. (1 = 0.71073 A) radiation. The X-AREA (and X-
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RED and X-SHAPE within) package suite?® was used for data extraction and integration
and to apply empirical and analytical absorption corrections. The structure of
YbsNisInGe, single crystals were solved by direct methods and refined with the
SHELXTL package programs.”> 2* A stable refinement was accomplished only in the
tetragonal space group P4/m. Data collection and structure refinement details are given in
Table 2-4. The final atomic positions, equivalent isotropic displacement parameters and
anisotropic displacement parameters are listed in Table 2-5 and 2-6.

To determine phase identity and purity, powder X-ray diffractions patterns of the
RE;TM4InGe); were collected at room temperature on a CPS 120 INEL diffractometer

with Cu Ka radiation and equipped with a position-sensitive detector.
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Table 2-2. Atomic coordinates (x 104) and equivalent isotropic displacement

3
parameters (Az x 10 ) for RE;Co4InGe 2 (RE = Dy, Ho, Yb).

Atom Wyckoff  x y z U(eq)”
Dy(1) 4k 3232(1) 3259(1) 5000 7(1)
Dy(2) la 0 0 0 8(1)
Dy(3) o 0 5000 5000 8(1)
Ge(1) 4 2139(1) 5124(1) 0 1)
Ge(2) 4 113101) 2860(1) 0 10(1)
Ge(3) 4k 1950(1) 655(1) 5000 L1(1)
Co 4 2797(1) 181(1) 0 71)
In Ic 5000 5000 0 8(1)
Ho(1) 4k 3245(1) 3260(1) 5000 8(1)
Ho(2) la 0 0 0 8(1)
Ho(3) 2f 0 5000 5000 10(1)
Ge(1) 4 2139(2) 5102(2) 0 10(1)
Ge(2) 4k 113303) 2853(3) 0 18(1)
Ge(3) 4 -664(3) 1957(3) 5000 17(1)
Co 4 2811(3) 1182(3) 0 9(1)
In le 5000 5000 0 o(1)
Yb(1) 4k 3262(1) 3243(1) 5000 5(1)
Yb(2) la 0 0 0 5(1)
Yb(3) 2 0 5000 5000 71)
Ge(1) 4 2164(1) 4886(1) 0 5(1)
Ge(2) 4 2865(2) 1130(1) 0 12(1)
Ge(3) 4k 679(2) 1931(1) 5000 9(1)
Co 4 1191(2) 2800(2) 0 51)
In lc 5000 5000 0 7(1)

*U(eq) is defined as one third of the trace of the orthogonalized UY tensor.
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Table 2-3. Anisotropic displacement parameters (A2 X 103) for RE7C04InG2e|22(R;3 ’—I"lDy,
Ho, Yb). Th{c2 anisotropic displacement factor exponent takes the form: -2z [h a* U + ..
+2hka*b*U ]

Atom Ul 1 UZZ U33 U23 UI3 UIZ
Dy(1) 7(1) 7(1) 8(1) 0 0 1(1)
Dy(2) 7(1) 7(1) 8(1) 0 0 0
Dy(3) 7(1) 9(1) 8(1) 0 0 o(1)
Ge(1) 8(1) 5(1) 9(1) 0 0 -1(1)
Ge(2) 5(1) 6(1) 19(1) 0 0 o(1)
Ge(3) 11(1) 15(1) 7(1) 0 0 -6(1)
Co 6(1) 8(1) 7(1) 0 0 2(1)
In 6(1) 6(1) 11(1) 0 0 0
Ho(1) 8(1) 8(1) 7(1) 0 0 2(1)
Ho(2) 8(1) 8(1) 9(1) 0 0 0
Ho(3) 9(1) 11(1) 9(1) 0 0 -1(1)
Ge(1) 10(1) 9(1) 10(1) 0 0 -1(1)
Ge(2) 14(1) 14(1) 27(2) 0 0 3(1)
Ge(3) 25(2) 17(1) 9(1) 0 0 11(1)
Co 8(2) 9(2) 8(2) 0 0 -3(1)
In 8(1) 8(1) 12(2) 0 0 0
Yb(1) 3(1) 3(1) 10(1) 0 0 1(1)
Yb(2) 3(1) 3(1) 10(1) 0 0 0
Yb(3) 4(1) 6(1) 11(1) 0 0 0(1)
Ge(1) 41) 1(1) 11(1) 0 0 1(1)
Ge(2) 5(1) 3(1) 26(1) 0 0 o(1)
Ge(3) 12(1) 6(1) 10(1) 0 0 -6(1)
Co 2(1) 3(1) 10(1) 0 0 -1(1)
In 4(1) 4(1) 14(1) 0 0 0

29



Table 2-4. Crystal data and structure refinement data for Yb;NisInGe,,.

Emprirical formula

Yb7Ni4InGe 12

Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group
a,b(A)

c(A)

Volume (A%

Z / Density(calculated) (Mg/m3)
Absorption coefficient (mm") / F(000)

6 range for data collection (°)
Index ranges

Reflections collected / unique
R(int)

Completeness to € (%)
Refinement method

Data / restraints / parameters
Goodness-of-fit on FZ

Final R indices [>20(D)] (R, / wRy)"

R indices (all data) (R; / wRy)"
Largest diff. peak and hole (e. A)

2432.02
293(2)
0.71073
Tetragonal
Pa/m
10.3091(15)
4.1691(8)
443.08(12)
1/9.114
61.878 /1035
3.95t0 31.60
-15<h<15
-15<k<15
5<I1<6
5126/ 834
0.0503

99.3
Full-matrix least-squares on Fz
834/0/40
1.394

0.0276 / 0.0538
0.0294 / 0.0544
1.996 and -1.725

1
Ry = SY |- Fely S\ Ry = S|P 2| % w= 1/ )
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. :
Tazble 2;5. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters
(A x 10) for Yb;NisInGe,>.

Atom ‘ X))s/ict]i(;)rff y z U(eq)”
Yb(1) 4k 6751(1)  3275(1) 5000 6(1)
Yb(2) la 10000 0 0 6(1)
Yb(3) 2f 5000 0 5000 7(1)
Ge(1) 4j 7812(1) S111(1) 0 6(1)
Ge(2) 4 8863(1)  2879(1) 0 10(1)
Ge(3) 4k 10674(1)  1915(1)  -5000 12(1)
Ni 4 88102)  27942) 0 6(1)

In Ic 5000 5000 0 7(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 2-6. Anisotropic displacement parameters (Az X 103) for Yb7Ni4InG_§|2 2(R123 =| Py,
Ho, Yb). Thle anisotropic displacement factor exponent takes the form: -2z [h a* U +..
+2hka*b*U ]

Atom Ull U22 U33 U23 U13 UIZ
Yb(l)  6(1) 6(1) 6(1) 0 0 -1(1)
Yb2)  5(1) 5(1) 7(1) 0 0 0
Yb3)  9(1) 6(1) 7(1) 0 0 0(1)
Ge()  6(1) A(1) 7(1) 0 0 0(1)
Ge(2)  41) 6(1) 19(1) 0 0 (1)
Ge(3)  21(1) 11(1) 5(1) 0 0 -10(1)
Ni 6(1) (1) 6(1) 0 0 2(1)
In 7(1) 7(1) 9(1) 0 0 0
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Differential Thermal Analysis:

Differential Thermal Analysis (DGA) was conducted with a Shimadzu TDA-50
analyzer. The sample was flame sealed under a reduced atmosphere in fused silica
ampoules that were carbon coated to prevent glass attack upon melting of the products. a-
Al,O; standard was used as a reference. The analysis was performed by heating the
sample up to 1000 OC at a rate of 10 °C per min, held at 1000 °C for 1 min then cooling to

100 °C at the same rate, and then repeating the cycle.

Magnetic Measurements:

Magnetic susceptibility measurements for RE;Co4InGe;, (RE = Yb and Dy) were
carried out with a Quantum Design MPMS SQUID magnetometer. EDS-analyzed
crystals were soaked in ~ 6M of HCI acid for 15-30 min, washed out with water, and
dried out in a dry oven. The crystals were then randomly placed and sealed in Kapton
tape which was inserted into the SQUID magnetometer. Temperature dependent data
were collected between 3 and 400 K, with an applied field of 500 G. Field dependent
magnetic measurements were acquired at 3 K with field sweeping from - 50000 to 50000

G.

X-Ray Photoemission Spectroscopy:
X-ray Photoemission Spectroscopy was performed on a Perkin Elmer Phi 5400
ESCA system equipped with a Magnesium Ka X-ray source. Samples were analyzed at

pressures between 10 and 10 torr with a pass energy of 29.35 eV and a take-off angle
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of 45°. The spot size was roughly 250 pm?. All peaks were referenced to the signature

Cls peak for adventitious carbon at 284.6 eV.

X-ray Absorption Near Edge Spectroscopy (XANES):

X-ray absorption fine Structure (XAFS) experiments were performed in Sector
20, bending magnet beamline (PNC/XOR, 20-BM) of the Advanced Photon Source at the
Argonne National Laboratory, IL, USA. Measurements at the Yb Lj-edge for
Yb;TMyInGej; (TM = Co, Ni) were performed in the transmission mode using gas
ionization chambers to monitor the incident and transmitted X-ray intensities. A third
ionization chamber was used in conjunction with a copper foil to provide internal
calibration for the alignment of the edge positions. Monochromatic X-rays was obtained
using a Si (111) double crystal monochromator. The monochromator was calibrated by
defining the inflection point (first derivative maxima) of Cu foil as 8980.5 eV. A Rh-
coated x-ray mirror was utilized to suppress higher order harmonics. The Yb sample was
prepared as a pellet from fine grounded amounts of around 1.8 mg and 180 mg of
hexagonal BN. Measurements were performed at a range of temperatures from 15 K to
300 K using a closed cycle refrigerator. XAFS samples were prepared by mixing an
appropriate amount of the finely ground Yb compound with BN. The mixture was
pressed to form a self-supporting pellet, which was mounted on the cold finger of a
closed-cycle refrigerator. Care was taken to suppress distortion in the data from thickness

effects.

33



Magneto-Transport Measurements:

Magneto-transport measurements were performed on a needle-shaped crystal of
Yb;Co4InGe,, with approximate dimensions of 648 x 56 x 75 um and the long direction
oriented parallel to the crystallographic c-axis. Four gold wires were attached with silver
paint, and the resistance of the sample was obtained in a standard four-probe
measurement with a current of 100 pA. By averaging the sample voltage corresponding
to positive and negative currents we eliminated artifacts due to the thermal voltages. The
sample was inserted into a superconducting magnet equipped with a variable temperature
insert that allows controlling of the sample’s temperature between 1.2 K and 320 K. The

magnetic field was oriented perpendicular to the needle.

2-3. Results and Discussion
Reaction Chemistry:

Yb;Co4InGej, was first observed from indium flux as silvery thin needles
frequently aggregated in bundles. Figure 2-1(A) and (B) shows scanning electron
micrographs of typical Yb;Co4InGe,; and Dy;CosInGe;; crystals, respectively. Other
reaction products for the Yb analog included YbZInGez,25 - 26 Yb5C04Ge|o,27 the cubic
phase Ybln; and recrystallized germanium. Subsequent tuning of the reaction conditions
increased the yield and eliminated all byproducts except Yb,InGe, which, due to its very
different crystal morphology, was easily distinguishable. When other RE metals such as
La, Ce, Sm, Eu, Dy, Ho and Er were employed under the same reaction conditions only
Dy and Ho were able to form the same phase but in much smaller yield. This suggests

that the size of the rare-earth cations likely plays a decisive role for the formation of
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RE;CosInGe|;. The reaction targeting the Dy;CosInGe;; member of the present
compounds also produced the quaternary phase DysColnGes, which will be discussed in
the following chapter. The Yb;Co4InGe;, compound does not melt up to 1000 °C, as
confirmed by differential thermal analysis.

Yb;NisInGe,, grows similarly as silvery thin needles often aggregated in bundles.
From the reactions designed to produce the Ni quaternary compound a ternary compound
was also observed, in which In was excluded from the product, as resulted from EDS
analysis on many crystals. Subsequent single crystal X-ray diffraction analysis on those
crystals gave the new ternary Yb,Ni, sGe, s (or YbsNi3Ges) phase which will be described
in a future work. It should be noted at this point, that when Yb was employed as the RE
in the reactions targeted to form the Yb analog of the RE4;Ni>InGe, family'7 Yb;Ni4InGe)»
was produced instead. This reinforces the suggestion stated above, that the size of the

rare-earth cations probably plays a crucial role for the formation of these compounds.

50 um

50 um
(A) (B)

Figure 2-1. Scanning Electron micrograph (SEM) images of flux-grown crystals of (A)
Yb;Co4InGe); and (B) Dy;Co4InGe;>.
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Structure:

The RE;Co4InGe;; (RE = Dy, Ho, Yb) compounds and Yb;NisInGe,; crystallize
in the tetragonal P4/m space group with the Ca;Ni4Sn,; structure type.® RE;TMsInGe;,
is an ordered quaternary variant of this ternary phase, with the RE atoms occupying the
Ca positions, the Co/Ni atoms the Ni sites and the Ge atoms adopting the Sn positions.
The fact that the quaternary compound orders in this way is consistent with the more
electropositive nature of the RE (compared to Co/Ni, In and Ge) and that they are more
likely to adopt the electropositive Ca site within the compound. Additionally, it is
expected for the transition metals of Co/Ni to adopt the Ni position, and as Ge is in the
same group as Sn, it is not surprising that Ge atoms order on the Sn sites. Because of
their isostructural nature we will describe the structure in terms of the Yb;CosInGe);
analog.

The overall structure of Yb;Co4InGe); as viewed down the c-axis is depicted in
Figure 2-2. The bonds to the Yb atoms were omitted to emphasize the three-dimensional
(3D) [Co4InGe);] framework and its channels. This network is characterized by three
different types of channels, propagating along the c-axis, in which the Yb atoms are
situated. Another way to look at the [Co4InGe;;] sub-structure is in terms of columns of
octagonal and hexagonal rings that run along the a and b-axes, while the void space
between them is filled up by four pentagons related by the 4-fold axis of the tetragonal
symmetry. The polygonal rings are connected down the c-axis via Co-Ge(3)-Co zigzag
chains.

The biggest channels in the structure are built up from stacked alternating planar

layers of distorted octagons and square planes, Figure 2-3. The octagons are comprised
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from alternating Co(1) and Ge(2) atoms while the Yb(2) atoms are sitting in their center.
The two Co(1)-Ge(2) interatomic distances at 2.390(2) and 2.434(2) A, fall in the Co-Ge
bond range found in other binary or ternary intermetallics.”® *° Similar octagonal
channels can be found in Yb5T4Ge1027 and in general in the REsTM4X o series’! 3 (RE =
rare earth, Sc or Y, TM = Co, Rh, Ir or Os and X = Si, Ge or Sn) which they all adopt the
tetragonal ScsCo4Si o (P4/mbm) structure>.

Another structural feature is the hexagonal tunnels, Figure 2-3. In these, two
Ge(1)-Ge(2) dimers are interconnected with two Co atoms to form distorted hexagonal
rings which are stacked parallel to the c-axis and are connected via Ge(3) atoms. In
contrast to the octagonal tunnels, here, the Yb(3) atoms are sandwiched between the
hexagons. The Ge(1)-Ge(2) interatomic distances at 2.548(2) A, are comparable with Ge-
Ge contacts observed in many RE germanides with 2D and 3D networks including the
HosRhyGeo” at 2.539 A.

The final noteworthy structural moiety is the pentagonal channels which are fused
in groups of four that share a central column of square planar In atoms, see Figure 2-2. A
Ge(1)-Ge(2) dimer is linked to a Co and an In atom from the Ge(2) and Ge(1) site,
correspondingly; both of them connect to another Ge(1) atom, thus forming pentagonal
rings that extend along the c-axis through one Co-Ge(3)-Co zigzag chain (Figure 2-3).
The Co-Ge(2) and Co-Ge(1) distances at 2.434(2) A and 2.369(2) A, respectively, are
also found in the two other types of rings. The four-coordinated In atoms are bonded to
four Ge(1) atoms (with In-Ge(1) bond at 2.9214(14) A) in a square-planar environment.
This is a rare coordination environment for a group 13 element. A similar In coordination

environment was also found in REzlnGez.zs‘ 2 In the pentagonal channels, as in the case
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of the hexagonal ones, the Yb(1) atoms are located between the pentagonal layers. There
are no direct Co-Co bonds in the structure.

An alternative way to view 'the Yb;Co4InGe,; structure is in polyhedral
representation. Figure 2-4(A) depicts the connectivity of the Co-centered Ge tetragonal
pyramids as viewed down the c-axis. Four such polyhedra share their Ge(2) corners in the
a,b-plane, forming square rings, see Figure 2-4(B). These squares stack along the c-axis
by connecting trough the Ge(3) corners of the pyramids to form square tubes that extend
down the c-axis, Figure 2-4(C). These tubes are aligned parallel to each other, and every
such tube is connected directly to four other neighboring tubes through Ge(1)-Ge(2)
bonds at 2.548(2) A to build the 3D [CosInGe,;] framework. The Yb(2) atoms reside
within the tubes, whereas Yb(1) and Yb(3) atoms are located between adjacent square
tunnels.

The local coordination environments (within 3.5 A) of the RE atoms are
illustrated in Figure 2-5. RE(1) atoms are 11-coordinate and are sitting in the center of a
pentagonal prism, made up of six Ge(1), two Co and two In atoms, and are capped with
one Ge(3) atom. The RE(2) atoms have 16 neighbors in their immediate coordination
sphere. These include four Ge(2) and four Co atoms in a form of a flat octagonal ring
(where the RE(2) is the center) and eight additional Ge(3) atoms with four located above
and four below the octagon in a square prismatic geometry. Finally, RE(3) exhibit a
coordination number of fourteen, in an arrangement that is best described as a hexagonal
prism comprising four Ge(1), four Ge(2) and four Co atoms, capped by two Ge(3) atoms.
Tables 2-7 and 2-8 give a complete list of the bond distances for RE;Co4InGe,; and

YbsNigInGe,, correspondingly.
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Figure 2-2. The overall structure of Yb;Co4InGe, as viewed onto the a,b-plane. For

clarity the bonds to the Yb atoms are not drawn.
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Figure 2-3. The octagonal, hexagonal and pentagonal rings and their interconnection to

form the corresponding tunnels running down the c-axis.
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Figure 2-4. (A) Polyhedral view of the Yb;Co4InGe, structure featuring the connectivity
between Co-centered Ge tetragonal pyramids. (B) The polyhedra share Ge(2) corners to

form squares. (C) Stacking of squares along the c-axis forming square tubes.
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Figure 2-5. The coordination environment of the RE atoms. The coordination sphere

cutoffis 3.4 A.
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Table 2-7. Bond lengths [A] for RE;Co4InGe,; (RE = Dy, Ho, Yb).

Bond RE = Dy RE = Ho RE = Yb
RE(1)-Ge(1) 2.9336(9) 2.932(1) 2.9060(10)
RE(1)-Ge(3) 3.0048(13) 3.001(3) 2.9820(16)
RE(1)-Co 3.0329(11) 3.025(2) 3.0102(13)
RE(1)-Ge(1) 3.0610(9) 3.043(2) 3.0298(10)
RE(1)-Ge(2) 3.0441(9) 3.045(2) 3.0340(11)
RE(1)-In 3.3109(4) 3.2965(11) 3.2838(5)
RE(1)-RE(1) 3.6324(8) 3.6204(18) 3.5983(8)
RE(2)-Ge(3) 2.9829(9) 2.983(2) 2.9575(10)
RE(2)-Co 3.1428(14) 3.158(3) 3.1323(17)
RE(3)-Ge(1) 3.0473(9) 3.039(2) 3.0473(10)
RE(3)-Ge(3) 3.2300(12) 3.226(3) 3.2360(15)
RE(3)-Ge(2) 3.2620(9) 3.262(2) 3.2392(12)
RE(3)-Co 3.3257(11) 3.309(3) 3.3074(14)
Ge(1)-Co 2.3702(18) 2.378(4) 2.369(2)
Ge(1)-Ge(2) 2.5652(17) 2.552(4) 2.548(2)
Ge(1)-In 2.9643(12) 2.965(3) 2.9214(14)
Ge(2)-Co 2.3937(19) 2.398(4) 2.390(2)
Ge(2)-Co 2.4493(19) 2.4534) 2.434(2)
Ge(3)-Co 2.3302(9) 2.3203(19) 2.3213(10)
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Table 2-8. Selected Bond lengths [A] for Yb;NisInGe;».

Bond Length
Yb(1)-Ge(1) 2.9086(7)
Yb(1)-Ge(1) 3.0208(7)
Yb(1)-Ge(3) 3.0139(11)
Yb(1)-Ge(2) 3.0419(8)
Yb(1)-Ni 3.0316(9)
Yb(1)-In 3.2809(5)
Yb(1)-Yb(1) 3.5831(7)
Yb(2)-Ge(3) 2.9539(8)
Yb(2)-Ni 3.1290(11)
Yb(3)-Ge(1) 3.0732(7)
Yb(3)-Ge(2) 3.2405(8)
Yb(3)-Ge(3) 3.2553(11)
Yb(3)-Ni 3.3209(9)
Ge(1)-Ni 2.3938(14)
Ge(2)-Ni 2.4383(15)
Ge(2)-Ni 2.4002(15)
Ge(3)-Ni 2.3336(7)
Ge(1)-Ge(2) 2.5430(13)
Ge(1)-In 2.9016(10)
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Magnetic Measurements:

Magnetic susceptibility data for Yb;Cos4InGe,; are presented in Figure 2-6(A).
The temperature dependence of the molar susceptibility (y.) displays paramagnetic
behavior suggesting the existence of Yb’* moments in the material. No magnetic ordering
was observed down to 3.5 K. The inverse susceptibility does not follow the Curie-Weiss
law especially at the temperature region below 100 K, which can be attributed to crystal-
field contributions and / or to a possible onset of a valence fluctuation. The weak linearity
of the data precluded the unequivocal determination of the u.;. However, analyzing the
susceptibility data in a proper temperature range (T > 100 K) with the modified Curie-
Weiss law x(T) = xo + C / (T — 6,) yields information concerning the sum of the
temperature-independent conributions y,, €.g. van Vleck paramagnetism, paramagnetism
due to conduction electrons, and core-electron diamagnetism, the effective magnetic
moment y.qr(deduced from the Curie constant C), and the Weiss constant ;. A nonlinear
least-squares fit to this equation resulted in yo = 1.9 x 10" emuw/mol Yb, 6, = -38 K
indicating antiferromagnetic interactions among the Yb atoms, and an effective moment
of 3.1 ug / Yb, which is ~68% of the value expected for the free-ion Yb**, 4.54 pg. This
means that more than half of the Yb atoms are in the Yb** state. This is supported by the
XANES studies presented below.

The field dependence of magnetization for Yb;Co4InGe, at 3 K can be found in
Figure 2-6(B). The magnetization increases linearly up to a field of 20 kG, at which point
the slope continuously changes until approximately 33 kG where it becomes linear again,
but with a much shallower slope. The response remains linear up to the highest attainable

field with no signs of saturation up to 50 kG. The moment reaches a value of only 2.7 ug
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per formula which is about 30 % of the value anticipated for the fully saturated moment

of seven Yb*" ions..
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Figure 2-6. (A) Temperature dependence of the molar susceptibility yn (triangles) and
inverse 1 / ym (circles) for Yb;CosInGe,; with an applied field of 500 G. (B)
Magnetization data for Yb;Co4InGe, collected at 3 K.
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Temperature dependent magnetic susceptibility y(M/H) data performed on
randomly oriented single crystals of Dy;Co4InGe,; are plotted in Figure 2-7(A). Due to
the very small size of the sample we were not able to determine the weight and as result
we could not calculate the molar susceptibility. Nevertheless, the compound seems to
undergo a ferromagnetic transition that onsets at a 7c of ~ 21 K as indicated by a change
in the slope of y. As it can be clearly seen from the inset in Figure 2-7(A), the ZFC (zero
field cooled) and FC (field cooled) data reveal considerable different behavior at the low
temperature range starting at ~ 8 K. The ferromagnetic order of the spins is also
confirmed from the field dependent magnetic moment data measured at 3 K, given in
Figure 2-7(B). Apparent hysteresis loops appear up to at least 20 kG and — 20 kG, while

the moment does not seem to saturate up to the highest attainable field of 50 kG.
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Figure 2-7. (A) Temperature variation of the susceptibility y(M/H) for Dy;Co4InGe,,

with an applied field of 500 G. Inset shows the low temperature (0-40 K) data. (B)

Magnetic moment data for Dy;Co4InGe;; collected at 3 K.
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XPS Measurements:

To further probe the Yb oxidation state in Yb;Co4InGe,, we performed X-ray
photoelectron spectroscopy (XPS) measurements. The XPS spectrum revealed a strong
peak at ~ 185 eV and a multiplet structure at higher energies (Figure 2-8). This type of
spectrum is consistent with the presence of Yb** ions.>* 3* With careful inspection of the
spectra, we see two very weak peaks at ~181 and 191 eV. This double peak is known

from the literature that is attributed to Yb*" ions.**
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Figure 2-8. XPS spectra of Yb 4d core level for Yb;CosInGe, at 300 K.
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XANES Measurements:

Because XPS is a surface analytical technique it was crucial to carry out X-ray
absorption near-edge spectroscopy (XANES) measurements at the Yb Lj;-edge, which is
an established method for studying the valence of the absorbing element. XANES
fundamentally probes the bulk of the sample. The near-edge spectra of an YbsCo7InGe;
sample obtained at 15 K and 300 K are given in Figure 2-9. The main absorption peak
(white line) for both spectra is centered at ~ 8948 eV, which is typical of trivalent Yb,
both in oxide form as well as in Yb intermetallics.’®® Relative to Yb**, divalent Yb
exhibits a white line which is ~ 8 eV lower in energy.***® The spectra also reveal the
presence of a weaker feature (shoulder) at ~ 8940 eV, indicating that some divalent Yb is
also present.

Another interesting observation in the XANES spectra is that the relative ratio of
the features at 8940 and 8948 eV varies weakly with temperature. In particular, with
increasing temperature the low-energy peak originating from Yb*" ion is slightly
depressed, whereas the high-energy one originating from Yb** jon is enhanced,
suggesting that the average valence of Yb is slightly temperature dependent and that the
Yb** state is more populated at higher temperatures. Similar behavior was observed in the
YbCus.«Gay series.*’ Figure 2-10 displays both the spectra of the present phase and
Yb,0; at room temperature. To ensure that we are not observing spectra from oxide
impurities, we also computed and compared the XAFS of YbsCo7InGe;, with that of
Yb,0; standard. The absence of Yb-O bonds shows that the Yb in the sample is not
coordinated to oxygen, indicating that the trivalent character is intrinsic to YbsCo7InGe;,

Figure 2-11.
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An attempt to obtain the relative amount of Yb’* and Yb** was performed by
representing the normalized Yb XANES as a pair of pseudo-Voigt and modified arc-
tangent functions. We estimate the amount of Yb** to be ~ 73% with an error of ~ 15%.
A more accurate determination of Yb valence will require measurements of Yb** and
Yb’* standards (or analogs) with similar structure to the sample under study and will be a

subject of future investigations.
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Figure 2-9. L;;; absorption edge spectra of Yb in Yb;Co4InGe); at 15 K (dashed line) and
300 K (solid line).
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Figure 2-10. Comparison of Yb;Co4InGe;; (solid line) and Yb,0s (dashed line) spectra at

room temperature.
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Figure 2-11. The Fourier Transform (FT) of the Yb XAFS for YbsCosInGe;; (15 K)
compared with that for Yb,O; (RT). The FT's are not corrected for photo-electron phase

shifts. The k-range of the FT was 3-10 A™".
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X-ray absorption near-edge spectroscopy (XANES) measurements at the Yb Ly-
edge were also performed for the YbsNisInGe;, compound. The near-edge spectra of an
YbsNi;sInGe,; sample obtained at 18 K and 295 K are given in Figure 2-12. The double-
peaked structure of the spectra for both measured temperatures indicates that the Ni
compound is also a mixed-valence compound. Additionally, the relative ratio of the
features at 8940 and 8948 eV, originating from Yb*" and Yb*" ions respectively, varies
weakly with temperature. Particularly the Yb>* state tends to be more populated at higher
temperatures, as it was also observed for the YbsCosInGe,; compound. An attempt to

estimate the relative amount of Yb** and Yb** resulted in a Yb** content of ~ 73 (5) %.
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Figure 2-12. Lj; absorption edge spectra of Yb in YbsNisInGe,, at 18 K (dashed line) and
295 K (solid line).
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Magneto-Transport Measurements:

The temperature dependence of the resistivity (p) for samples of YbsCosInGe,
with and without the application of magnetic field is shown in Figure 2-12. The
resistivity data measured on single crystals along the c-axis and at zero applied field
reveal a rather moderate metallic behavior with p ~ 205 4Q cm at 246 K. The inset in
Figure 2-13 displays the low-temperature p data at a field of 0, 1 and 5 T applied
perpendicular to the c-axis. It can be clearly seen that the material displays negative-
magnetoresistance at low temperatures (i.e. the resistivity drops with increasing applied
field). This behavior is frequently seen in many Kondo or Heavy Fermion systems and it
is attributed to the suppression of scattering of the conduction electrons from the unpaired

f-electrons in a high field.
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Figure 2-13. Variable temperature single-crystal resistivity data for Yb;Co4InGe,), at zero
field. Inset: displays the low temperature resistivity data at 0, 1 and 5 T field.
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Both magnetic susceptibility and XANES measurements suggest that the
Yb4Co7InGe,; is a new heterogeneous mixed-valence compound, i.e., a system with both
Yb** and Yb** sites with about two thirds of the Yb atoms being in the Yb** (f'*) state.
Because there are three crystallographically distinct Yb sites, we can possibly speculate
that two of them have atoms in the Yb** configuration and one in the Yb** configuration.
To assign which site could possibly accommodate Yb** ions, we can compare the
coordination environment of each Yb site. The nearest neighbor distances for Yb(1) are
2.9060 (Yb-Ge) and 3.0102 (Yb-Co) A, respectively, whereas those for the Yb(2) site are
2.9575 (Yb-Ge) and 3.1323 (Yb-Co) A, respectively. The corresponding distances for the
Yb(3) site are 3.0473 (Yb-Ge) and 3.3074 (Yb-Co) A, respectively. Because the distances
around the Yb(3) sites are considerably longer than those of the other two sites, a
plausible conclusion is that the Yb?* jons with their larger ionic radius probably occupy

the Yb(3) site.

2-4. Conclusions

Four new quaternary RE;TM4InGe,, phases crystallize in molten In in the
tetragonal P4/m space group with the Ca;NisSn;; structure type. The flux seems
necessary to stabilize these compounds because direct combination of the elements and
induction heating reactions with various stoichiometric ratios failed so far to form them.
In general, when studying systems of the type RE/M/Ge in liquid In, the tendency is for
In not to get incorporated into the compound. In the case of RE;TM4InGe,,, we observe
the reactive nature of the flux where In enters the structure of the final product. The fact

that only Dy, Ho and Yb form the RE;Co4InGe;; and only Yb the corresponding Ni
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compound (other RE atoms produced the RE4Ni>InGe4 phase), suggests that the size of
the rare-earth cations likely plays a decisive role for the formation of these compounds.
The Yb;Co4InGe;; and Yb;NisInGe;; are mixed valence compounds with a high
Yb**/Yb* ratio which is slightly temperature dependent. Because of the small yields of
the other two RE analogs complete property characterization could not be performed.
Nevertheless, preliminary magnetic susceptibility measurements for Dy;Co4InGe,

indicate ferromagnetic ordering below 21 K.
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CHAPTER 3
Flux Synthesis of the New Quaternary Intermetallic Dy,ColnGe,

Exhibiting Complex Magnetic Behavior

3-1. Introduction
The ternary systems of RE/TM/In and RE/TM/Ge (RE = rare earth metal and TM
= transition metal) have been the subject of intensive investigations in the last few
decades. These studies resulted in numerous novel intermetallic compounds with a
variety of different crystal structures' and interesting magnetic and electrical properties.
Of the large number of intermetallic compounds in these systems, specifically the
examination of those containing Co as the transition metal yield many phases with rich
structural diversity and composition. Kalychack has made a concentrated effort to
generalize and present the crystallographic characteristics of the RE/Co/In systems
containing compounds with established crystal structure.’® Additionally, both RE/Co
indides and germanides have attracted much interest because they exhibit a variety of
intriguing electrical and physical phenomena, which include heavy fermions,
superconductivity and their coexistence, pressure induced superconductivity, Kondo
lattices, magnetic ordering, mixed-valent and valence fluctuating behavior to name a
few.*!!
Notable cobalt-containing indides include the heavy fermion superconductor at
ambient pressure CeColns with transition temperature T, of 2.3 K, the discovery of which

sparked an intense and continuous research of the CeTMIns (TM = Co, Ir, Rh) family of

compounds.*® It was later shown in more detailed studies that CeColns is an
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unconventional superconductor very close to a quantum phase transition (QPT) at
ambient pressure with d-wave symmetry below T, = 2.2 K”'? while a magnetic quantum
critical point (QCP) can be achieved by the application of a magnetic field of the order of
the upper critical field ch(O).|3 In the RE,;Colng systems the Ce analog is a Kondo lattice,
exhibiting also heavy fermion superconductivity at ambient pressure with 7. = 0.4 K ,*°
while the Dy and Ho ones display field induced ferromagnetic behavior at low
temperatures.” On the other hand, noteworthy germanides comprise the CeCoGe, which
is a heavy fermion Kondo compound with Tx > 200 K'°, while the non-stochiometric
CeCog gsGe; exhibits heavy-fermion and valence fluctuating behavior.!! Interestingly, the
stoichiometric CeCoGe absorbs very slowly hydrogen at 393K under a pressure P(H,) =
2MPa."

Recently, it has been demonstrated that molten metal fluxes, particularly Al and
Ga, are excellent preparative tools for the exploratory synthesis of intermetallic
compounds.'’ Our own work in the systems RE/TM/AV/Si or Ge established that Al acts
exclusively as a reactive flux producing complex quaternary phases. In contrast Ga flux,
which readily leads to quaternary phases in the systems RE/TM/Ga/Ge, has a
considerably reduced tendency to form quaternary compounds in the corresponding
RE/TM/Ga/Si systems.'¢2

Lately, we extended this work to ‘include molten In as a solvent in the system
RE/TM/Ge.”** Indium flux, although it has been commonly used in the past for the

1534-39 it has been less

crystal growth of primarily known binary and ternary phases
exploited as a synthetic tool for the discovery of new compounds compared to Al and Ga,

particularly for quaternary phases, despite the most recent efforts.***> Our work in the
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exploratory synthesis of RE/TM/In/Ge indicates that, as in the case of Ga/Si system, it is
difficult to readily produce quaternary phases and includes a limited number of
quaternary phases so far. These are the RE;NiInGe,*! and RE;Co4InGe;; .2

The discovery of the RE/Co/In or Ge phases and their remarkable properties
justifies the interest in the exploratory synthesis of the type RE/Co/In/Ge. Here we
present the novel quaternary compound Dy4ColnGes, grown from In flux which
crystallizes as a new structure type. The synthesis and the study of the crystal structure
and magnetic properties are reported. DysColnGes seems to exhibit ferromagnetic

behavior below 40 K.

3-2. Experimental Section
Reagents:

The following reagents were used as purchased without further purification: Dy,
(in the form of powder ground from metal chunk, 99.9% Chinese Rare Earth Information
center, Inner Mongolia, China), Co (-325 mesh 99.9% Cerac Milwaukee WI), Ge (ground
from 2-5 mm pieces 99.999% Plasmaterials Livermore, CA) and In (tear drops 99.99%

Plasmaterials Livermore, CA).

Synthesis:

The Dy4ColnGes compound was first obtained by combining 3 mmol of the
dysprosium metal, 2 mmol cobalt, 3 mmol germanium and 15 mmol In in an Al,O;
(alumina) crucible under an inert nitrogen atmosphere inside a glove-box. The crucible

was placed in a 13 mm fused silica tube, which was flame sealed under vacuum of 10™
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Torr, to prevent oxidation during heating. The reactants were then heated to 1000 °C over
10 h, maintained at that temperature for 5 h to allow proper homogenization, followed by
cooling to 850 °C in 2 h and held there for 48 h. Finally, the system was allowed to
slowly cool down to 50 °C in 48 h. The reaction product was isolated from the excess In
flux by heating at 350 °C and subsequent centrifugation through a coarse frit. Any
remaining flux was removed by immersion and soniqation in glacial acetic acid for 48-72
h. The final crystalline product was rinsed with water and dried with acetone. Several
crystals, which grow as metallic silver needles / rods were carefully selected for
elemental analysis, structure characterization, and the physical measurements reported
here. Impurity byproducts were the quaternary Dy;Co4InGe,; (see Chapter 2) and small
amounts of Dy,;InGe, and Dy,,Ge (or DyGe). Dy;sColnGes was also prepared by
combining the Dy/Co/Ge/In reagents in 6:2:5:20 and 2:1:1:5 mmol at later attempts to
modify the synthesis. The remaining reaction profile was the same as described above.
These reactions decreased the amount of the formed byproducts and resulted in ~ 50 — 65

% yield of the target phase of Dy,ColnGe,.

Elemental Analysis:

Semi-quantitative microprobe elemental analysis was performed on several
crystals of the compound using a JEOL JSM-35C scanning electron microscope (SEM)
equipped with a Noran Vantage Energy Dispersive Spectroscopy (EDS) detector. Data
were acquired by applying a 25 kV accelerating voltage and an acquisition time of 40 s.
A typical needle-like crystal of Dy,;ColnGe, is shown in Figure 1. The EDS analysis

taken on visibly clean surfaces of the Dy,ColnGe, crystals gave the atomic composition
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of 39.98-42 % Dy, 8.83-10.90 % Co, 8.85-11.98 % In and 38.96-40.45 % Ge, which is in
very good agreement with the results derived from the single crystal X-ray diffraction

refinement.

X-ray Crystallography:

The X-ray intensity data were collected at room temperature using a Bruker
SMART Platform CCD diffractometer with graphite monochromatized Mo Ka (4 =
0.71073 A) radiation. The SMART software was used for data acquisition and SAINT for
data extraction and reduction. An empirical absorption correction was applied using the
program SADABS and the structure of Dy4ColnGe,4 was solved by direct methods and
refined with the SHELXTL package programs. A stable refinement was accomplished
only in the monoclinic space group C12/ml. In the structure of Dy4ColnGe, all atomic
sites were refined anisotropically. Data collection and structure refinement details are
given in Table 3-1. The final atomic positions, equivalent isotropic displacement

parameters and anisotropic displacement parameters are listed in Table 3-2 and 3-3.
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Table 3-1. Crystal data and structure refinement data for Dy;ColnGe,.

Empirical formula Dy4ColnGe,4

Formula weight 4456.44

Temperature (K) 293(2)

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group C12/m1

a(A) 20.080(8), a=90°
b(A) 4.1963(17), B=104.637(6)°
c(A) 10.192(4), y=90°
Volume (A’) 830.9(6)

Z / Density(calculated) (Mg/m’)  1/8.906

Absorption coefficient (mm") 54.285

F(000) 1872

Theta range for data collection 2.07 to 28.24°

Index ranges -24<h<25/-5<k<5/-12<I<13
Reflections collected / unique 4618/ 1099

R(int) 0.0517

Completeness to 8 (%) 93.7

Refinement method Full-matrix least squares on F
Data / restraints / parameters 1099/0/ 64

Goodness-of-fit on F ? L111

Final R indices [>20(1)] (R;/ wRp)"  0.0301/0.0640

R indices (all data) (R; / wRy)” 0.0379/ 0.0688

Extinction coefficient 0.00116(6)

Largest diff. peak and hole (e. A?)  1.890 and -2.897

1/
Ry = S|V S1F Ry = SR B 2w =112
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4
Table 3-2. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters

2 3
(A x 10) for Dy4CoInGe;.

Wyckoff a
Atom position y z U(eq)
Dy(1) 4i 2777(1) 0 6479(1) 7(1)
Dy(2) 4i 3693(1) 0 3580(1) 6(1)
Dy(3) 4i 3687(1) 0 10076(1) 5(1)
Dy(4) 4i 4600(1) 0 7300(1) 6(1)
In(1) 2a 5000 -5000 10000 10(1)
In(2) 2c 5000 -5000 5000 . 10(1)
Ge(1) 4i 2013(1) 0 8567(2) 6(1)
Ge(2) 4i 4340(1) -5000 2172(2) 6(1)
Ge(3) 4i 3652(1) -5000 8110(2) 6(1)
Ge(4) 4i 1375(1) 0 4449(2) 10(1)
Co 4i 2598(1) -5000 8934(2) 7(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.
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Table 3-3. Anisotropic displacement parameters (A2 X 103) for Dy;ColnGe,.

Atom UII U22 U33 U23 Ul3 UIZ
Dy(1) 5(1) 8(1) 6(1) 0 o(1) 0
Dy(2) 6(1) 6(1) 5(1) 0 2(1) 0
Dy(3) 6(1) 6(1) 5(1) 0 2(1) 0
Dy(4) 5(1) 7(1) 6(1) 0 1(1) 0
In(1) 7(1) 15(1) (1) 0 2(1) 0
In(2) 9%1) 13(1) 6(1) 0 0(1) 0
Ge(1) 7(1) 6(1) 6(1) 0 2(1) 0
Ge(2) 6(1) 6(1) 6(1) 0 0(1) 0
Ge(3) (1) 7(1) 5(1) 0 1(1) 0
Ge(4) 18(1) (1) 5(1) 0 4(1) 0
Co 6(1) 7(1) 9(1) 0 2(1) 0

2.2 2 11
The agisotropic displacement factor exponent takes the form: -2z [h a* U +... + 2hk a*
1
b*U ]

Magnetic Measurements:

Magnetic susceptibility measurements were carried out with a Quantum Design
MPMS SQUID magnetometer. EDS-analyzed crystals were soaked in ~ 6M of HCl acid
for 15-30 min, washed out with water, and dried out in a dry oven. The crystals were then
randomly placed and sealed in Kapton tape envelope which was inserted into the SQUID
magnetometer. Temperature dependence data were collected between 3 and 400 K, with
an applied field of 100, 500 and 1000 G. Field dependent magnetic measurements were

acquired at 3, 18 and 60 K with field sweeping from - 50000 to 50000 G.
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3-3. Results and Discussion
Reaction Chemistry:

The compound DysColnGe4 was first discovered in a reaction that was initially
designed to form Dy;Co4InGe,,, a phase that can only be synthesized from In flux,** see
Chapter 2. The reaction produced single and clustered crystals in the form of metallic
silver needles and rods. The rod shaped crystals were first mistakenly identified as
Dy;Co4InGe, 3, but were later determined to be Dy;ColnGe, after elemental analysis and
subsequent single crystal diffraction experiments were performed. Modifications of ratios
of the initial reagents improved the yield of the targeted DysColnGe, phase however
small amounts of the Dy;CosInGe,; phase were still formed as well. Other impurity
byproducts were small amounts of Dy,InGe; and Dy, ;Ge (or DyGe) which due to their
different crystal morphology of cubic and square pyramid respectively, they were easily
removed. Attempts to synthesize Dy;ColnGe4 by direct combination reactions failed to
produce the targeted phase. Figure 3-1 shows a scanning electron micrograph of a typical

rod type DysColnGe;, crystal.
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Figure 3-1. Scanning Electron micrograph (SEM) image of a flux-grown Dy;ColnGey

rod-shaped crystal.

Structure:

DysColnGe; crystallizes in the monoclinic C12/m1 space group in what appears to
be a new structure type. The overall structure of the compound as viewed down the b-axis
is depicted in Figure 3-2. The bonds to the Dy atoms were omitted in order to emphasize
the three dimensional [ColnGe4] framework and its channels. The [ColnGe,] sub-lattice
is characterized by 12-membered and 5-membered channels propagating along the b-axis
in which the Dy atoms are situated and Co,Ge(1); ribbons.

Figure 3-3 shows the principal building unit the repetition of which makes up the
whole [ColnGe,] network. It consists of pentagonal channels which are fused in groups
of four that share a central column of square planar In(1) atoms. These channels consist

of two different types of pentagonal rings. In one of them a Ge(3)-Ge(4) dimer is linked
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to In(1) from the Ge(3) and to In(2) (also in square planar geometry) atom from the Ge(4)
site correspondingly and both In atoms connect to a Co atom. Both of these pentagonal
rings in the group of four, share their In(2) atom with similar pentagons of other fused
groups that are on the same level, thus propagating the main building block along the c-
axis, see Figure 3-2. The other type of pentagons consists of a Ge(1)-Ge(2) dimer which
connects to a Co and an In(1) atom from the Ge(2) and Ge(1) side respectively, while a
Ge(3) atom bonds to both Co and In(1) to form the second type of ring. The Co-Ge(1)
side of these pentagons connects with two Co-Ge(1) bonds to the corresponding side of
similar pentagons extending the structure along the g-axis, but which are found on a
lower level down the b-axis, as it can be seen in the Figure 3-4 (structure view in a,b-
plane with RE atoms removed to emphasize the connectivity). Dy(3) and Dy(4) are found
in the center of the pentagonal channels. Similar group of four fused pentagonal channels
sharing a square planar In atom is also found in the REyCOA;InGen33 intermetallic
compounds presented in Chapter 2 as well as in the family of the ternary phase
RE;InGe,.** The two Ge-Ge distances of 2.630(2) and 2.595(2) A compare well with the
Ge dimmers observed in other RE germanides such as the f-RENiGe,? compounds with
Ge-Ge bonds ranging from 2.423(4) to 2.821(4) A.

The other part of the repeating unit the Co,Ge(1), rhombi (Figure 3-3), are fused
and form double zigzag chains (or ribbons) that run down the monoclinic b-axis as shown
in Figure 3-4. These ribbons connect the pentagonal rings along the b-axis, thus forming
the corresponding channels and building the 3D [ColnGe,] framework. The Ge(1) atoms
are in a trigonal pyramidal geometry composed of two Co and one Ge(2) atom and the Co

atoms are surrounded by three Ge(l) and one Ge(3) atom forming a tetrahedral
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coordination. Ge atoms in a trigonal pryramidal coordination environment forming
ribbons with transition metals is found also in other intermetallic compounds as in
REsNiInGe,*' and several RE,(CoyInz3 phases, for example. The Co-Ge(1) bond that
forms the zigzag double chains is at 2.3875(13) A and is shorter than the Co-Ge(1) bond
which fuses the chains together into a ribbon with a length of 2.468(3).

The void space left from the repetition of the main building unit, forms the highly
corrugated 12-membered channels, as seen in Figure 3-5, in which the Dy(1) and Dy(2)
atoms are residing. The Ge(2) and Ge(3) atoms are both in a trigonal planar bonding
arrangement while the Ge(4) are in a bent geometry. There are no direct Co-Co bonds in
the structure similar to RE,Co4InGe;,

As mentioned above, the group of four fused pentagonal channels that share a
central column of square planar In atoms is also found in the tetragonal RE;Co4InGe;,>
intermetallic compounds. Additionally, the Co,Ge(1), ribbons resemble the Ni,Ge(1),
ribbons found in the monoclinic RE4NizlnGe43' compounds. This suggests that the
DysColInGej, structure is some kind of an “intermediate” between these two compounds.
Figure 3-6 displays the structures of the a,c-view of Dy;ColnGe,4 (P4/m, a = 10.3522(5),
¢ = 4.1784(5)) and DysNiyInGe4 (C2/m, a = 15.420(2), b = 4.2224(7), ¢ = 7.0191(11))
and the g,b-view of Dy;Co4InGe,, for comparison. The fused groups of the pentagonal
channels and the ribbons are highlighted.

The local coordination environments (within 4 A) of the four crystallographically
distinct Dy atoms are illustrated in Figure 3-7. Dy(1) atom is 8-coordinate, forming bonds
with three Ge(4) atoms, two Ge(3) atoms, one Ge(1) atom and two Co atoms, in a way

that could be described as capped “boat-like” arrangement. The Dy(1)-Ge bond distances
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range from 2.9198(17) to 3.0023(14) A while the two Dy(1)-Co bonds are at 3.3533(18)
A. The Dy(2) atom exhibits a coordination number of eight and sits in the center of a
distorted tetragonal prism, made up of two‘Ge(l), two Ge(2), two Ge(4) and two In(2)
atoms. The Dy(2)-Ge bonds vary from 2.9311(14) up to 3.1033(14) A while the Dy(2)-
In(2) distance is at 3.3865(10) A. The Dy(3) atom is surrounded by 12 atoms which form
a bicapped pentagonal prism. The prism is composed of two Ge(1), two Ge(2), two Ge(3)
and two In(1) atoms and is capped by a Co and Ge(1) atom. For Dy(3) the nearest Ge
atom in the pentagonal rings of the prism is at 2.8895(14) A while the furthest one creates
a bond at 3.0462(13) A. The Dy(3)-In(1) and Dy(3)-Co bonds are equal to 3.3850(11)
and 3.0419(16) A, correspondingly. The capping Ge(1) and Co atoms are at a distance of
3.3248(19) and 3.000(2) A, respectively. Finally, the Dy(4) atom has 10 neighbors in its
immediate coordination sphere forming a pentagonal prismatic geometry with Dy(4) as
the center and it is comprised of two Ge(2), Ge(3), Ge(4), In(1) and In(2) atoms. The
shortest Dy(4)-Ge bond is at 2.9405(13) A and the longest one at 3.1059(14) A. The
In(1) and In(2) atoms are found at 3.3912(11) and 3.3909(10) A away from the RE atom

correspondingly.
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Figure 3-3. The principal building unit the repetition of which makes up the whole
[CoInGey] network.

Figure 3-4. Projection of the [ColnGes] network roughly onto the a,b-plane. The RE

atoms were removed to emphasize the connectivity.
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Figure 3-5. Twelve-membered rings and their interconnection to form the corrugated

channels. The RE atoms were removed to emphasize the connectivity.
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Figure 3-7. Coordination environment of the Dy(1), Dy(2), Dy(3) and Dy(4) atoms. The

coordination sphere cutoff is 4.0 A.
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An alternative view of the DysColnGe, structure is in polyhedral representation.
Figure 3-8 displays the structure of the title compound as Co-centered tetrahedra and
In(1),In(2)-centered planar squares as viewed in the a,c-plane. Similar square planes
stack along the b-axis while alternating In(1) and In(2) squares connect through a Ge(3)-
Ge(4) bond and by corner-sharing of their Ge(2) site and form chains that run along the c-
axis. The Dy(4) atoms are found in the trigonal channels formed within these chains. The
In(1)-centered square planes also connect through Ge(1)-Ge(2) bonds and by corner-
sharing of their Ge(3) sites with the Co-centered tetrahedra along the g-axis. Dy(3)
atoms are siting within the trigonal channels formed between the squares and the
tetrahedra. Finally, the Co tetrahedra form fused zigzag columns down the b-axis by two
Ge(1)-Ge(1) edge-sharing thus building the three dimensional [CoInGe4] framework,
Figure 3-9. Dy(1) and Dy(2) atoms reside within the big channels created by the void
space between the chains of the In squares and the fused columns made from the Co

tetrahedra. Table 3-4 gives a list of selected bond distances for Dy,ColnGe,.
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Figure 3-9. Stacking of the Co-centered tetrahedra and In(1)-centered planar squares
along the b-axis. The tetrahedral are fused, forming zigzag columns that extend down the

b-axis.
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Table 3-4. Selected bond lengths [A] for Dy,ColnGe,.

Bond Length Bond Length
Dy(1)-Ge(1) 2.9198(17) Dy(3)-Ge(1) 3.0462(13)
Dy(1)-Ge(3) 2.9622(13) Dy(3)-Ge(1) 3.3248(19)
Dy(1)-Ge(4) 3.0023(14) Dy(3)-In(1) 3.3850(11)
Dy(1)-Ge(4) 3.0429(19) Dy(4)-Ge(2) 2.9405(13)
Dy(1)-Co 3.3533(18) Dy(4)-Ge(3) 3.0823(13)
Dy(1)-Dy(4) 3.5427(17) Dy(4)-Ge(4) 3.1059(14)
Dy(1)-Dy(2) 3.6081(13) Dy(4)-In(2) 3.3909(10)
Dy(1)- Dy(1) 3.6099(15) Dy(4)-In(1) 3.3912(11)
Dy(2)-Ge(4) 2.9311(14) In(1)-Ge(2) 2.8530(17)
Dy(2)-Ge(2) 3.0159(13) In(1)-Ge(3) 2.8995(17)
Dy(2)-Ge(1) 3.1033(14) In(2)-Ge(2) 2.8517(18)
Dy(2)-Co 3.151(2) In(2)-Ge(4) 2.9531(19)
Dy(2)-In(2) 3.3865(10) Ge(1)-Co 2.3875(13)
Dy(2)-Dy(3) 3.5692(17) Ge(1)-Co 2.468(3)
Dy(3)-Ge(3) 2.8895(14) Ge(1)-Ge(2) 2.630(2)
Dy(3)-Co 3.0419(16) Ge(3)-Co 2.465(2)
Dy(3)-Co 3.000(2) Ge(3)-Ge(4) 2.595(2)
Dy(3)-Ge(2) 3.0446(14)
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Magnetic Measurements:

Temperature dependent molar magnetic susceptibility, y,(7) and inverse

susceptibility, 1/ym(7) data performed on randomly oriented single crystals of
DysColInGe, are plotted in Figure 3-10. At a first glance, Dy4sColnGe4 seems to undergo a
rather broad ferromagnetic transition that onsets at a 7c of ~ 20 - 25 K as indicated by a
change in the slope of y,. As it can been clearly seen from the inset in Figure 3-10, the

ZFC (zero field cooled) and FC (field cooled) data reveal considerable different behavior
at the low temperature range starting slightly from ~ 40 K while separating completely at
~ 18 K. A closer look in the ZFC data reveals a maximum of the susceptibility at 7; = 8.5
K suggesting a change in the magnetic structure. Similar multitransitional magnetic
behavior has been seen in spin structures with frustrated moments as in the RNiAl

intermetallic compounds.*’ The small cusp at ~ 60 K is probably due to some oxygen
trapped in the sample. Above 60 K, the 1/y, data follow the Curie-Weiss law with a

resulting effective magnetic moment of 14.1 pg per formula unit, and a Weiss constant of
©® = -17.5 K. The observed effective magnetic moment is quite lower than the theoretical
value of 21.3 pp for four free Dy>" ions. This difference might be ascribed to strong
crystal-field effects*® and also due to diamagnetic signal of the holder. The spins of the
Dy’* ions are consequently the only species contributing to the magnetic moment. The
negative Weiss constant indicates antifferomagnetic interactions between the RE atoms.
In order to study the observed transitions in further detail we performed
temperature dependent molar magnetic susceptibility ym(7) measurements on randomly

oriented single crystals of Dy,sColnGe, at three different applied fields of 100, 500 and

1000 G, see Figure 3-11. Below a ferromagnetic transition at 7, = 40 K the y(T) curve
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remarkably varies depending on the ZFC and the FC conditions for all three applied

fields, whereas increase of the field from 100 G to 1000 G tends to suppress the
divergences between the ZFC and FC curves. In Figure 3-12 the y,(7) data for the
temperature range 0 — 100 K are given for all three fields. In the data collected at 100 G a

sharp cusp appears in the ZFC curve at 7y = 40 K and irreversibility, appearing as the
evident separation between the ZFC and FC curves, starts at the temperature 75 = 50 K.

With increasing the magnetic field, T shifts towards lower temperatures, particularly it

shifts to 40 K and 30 K for the fields of 500 G and 1000 G, respectively. Furthermore, the
peak in the yzrc curve loses intensity and broadens with increasing field. Additionally,
more cusps appear in the lower temperature region for all curves that could mean further
changes in the magnetic structure (possibly antiferromagnetic interactions). These
features are characteristic to spin systems with frustrated moments and magnetic
anisotropy that could lead to spin-glasses transitions.**”*° In order to characterize the
cusp temperature as spin-freezing transitions, further study with additional techniques is
required. It should be noted here, that although in both measurements care was taken in
order to place the single crystals randomly in the kapton tape folder that does not
preclude the possibility of having a slightly preferred orientation of the crystals. This
could create subtle differences between various measurements.

Finally, the field dependent magnetization data taken at the temperatures of 3, 18
and 60 K are displayed in Figures 3-13. The material shows metamagnetic behavior. The
magnetization measured at 3 K displays roughly linear response up 12 kG with a small
remnant magnetization at zero field, whereas it exhibits pronounced hysteresis loops at

higher fields for both positive and negative fields, which indicates ferromagnetic ordering
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of the spins. The moment does not saturate up to the highest attainable field and reaches a
value of about 5.5 ug which is only ~ 28 % of the value expected for 4 Dy*" ions,
calculated from upy(caicy = gJ = 10 pg. The metamagnetic behavior can be seen also in the
curve measured at 18 K, inset in Figure 3-13. The dependence of magnetization on field
is roughly linear up to 25000 G, where a spin reorientation begins to occur suggesting a
more ferromagnetic arrangement of the moments while at about 35000 G a small
hysteresis loop in formed. On the other hand the magnetization measured at 60 K shows
linear dependence with the field indicating that DysColnGe4 is paramagnetic at this
temperature. Many other intermetallic compounds have shown complex spin behavior
such as the quaternary phases Dy>AuAlSis> and DyAuAlsGe,*® and the ternary B-
DyNiGe229 to name just a few.

The magnetic properties of the rare-earth containing intermetallic compounds
have been the subject of intensive research. It is generally believed that the collective
behavior of the magnetic rare-earth ions in these compounds is determined by an indirect
interaction among localized f electrons which are coupled through the mediation of the
conduction electrons according to the Ruderman-Kittel-Kasuya-Yosida (RKKY)

theory.5 1-53
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Figure 3-10. Temperature dependence of the molar susceptibility ym(7) and inverse

susceptibility 1/ym(7) of randomly oriented single crystals for DysColnGes collected with

an applied field of 500 G. Inset shows the low temperature data of the susceptibility
Xm(T).
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Figure 3-11. Temperature dependence of the molar susceptibility y(7) of DysColnGe4
on single crystals randomly oriented with applied fields of 100 G, 500 G and 1000 G.
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Figure 3-13. Magnetization curves of DysColnGe4 collected at 3 K (solid line) 18 K
(dotted line) and 60 K (dashed line). Inset shows the magnetization curve at 18 K in the

positive fields area. The arrow indicates the metamagnetic transition.
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3-4. Conclusions

Single-crystals of the new quaternary compound DysColnGe, were grown using
an excess of indium as a flux. The flux seems necessary to stabilize this compound, since
direct combination reactions failed to produce the new phase. Dy,ColnGe, forms in the
monoclinic space group C12/m1 as a new structure type. The synthesis of Dy;ColnGe, is
the third example of In acting as a reactive flux in the system RE/TM/Ge. This is an
interesting result because, as it was stated above it is difficult to isolate quaternary phases
in this system, in contrast with analogous reactions when Al or Ga are used as molten
metal fluxes. The discovery of DysColnGe4 which is closely related to the structure and
synthetic conditions of the RE;Co4InGe;; and RE4Ni;InGe; compounds that were also
stabilized in In flux, illustrates the remarkable ability of In flux, to produce novel
complex intermetallics, when coupled with the right synthetic conditions.

Magnetic susceptibility measurements of the material revealed a ferromagnetic
transition with a 7c ~ 40 K with a complex picture below 7Tc that suggests the
Dy4ColnGe4 could be a system with spin frustrated moments and behavior similar to
spin-glasses. The magnetization measurements below and above Tc¢ temperatures showed
metamagnetic behavior and support the complex spin behavior observed in the
susceptibility data. The small size of the crystals prevented the thorough investigation of
its physical and electrical properties. Future work with this system should include
attempts to produce bigger size crystals in order to further characterize the new material,

with techniques such as ac-susceptibility, neutron diffraction and transport properties.

90



References:

1 Kalychak, Ya. M. J. Less-Common. Metals 1997, 262-263, 341.

) Szytula, A.; Leciejewicz, J. "Handbook of Crystal Structures and Magnetic
Properties of Rare Earth Intermetallics"; CRC Press: Boca Raton, Fl, 1994.

(3)  Kalychak, Y. M. J. Alloy. Compd. 1999, 291, 80-88.

“4) Hegger, H.; Petrovic, C.; Moschopoulou, E. G.; Hundley, M. F.; Sarrao, J. L.;
Fisk, Z.; Thompson, J. D. Phys. Rev. Lett. 2000, 84, 4986.

) Petrovic, C.; Movshovich, R.; Jaime, M.; Pagliuso, P. G.; Hundley, M. F.; Sarrao,
J. L.; Fisk, Z.; Thompson, J. D. Europhys. Lett. 2001, 53, 354-359.

(6) Petrovic, C.; Pagliuso, P. G.; Hundley, M. F.; Movshovich, R.; Sarrao, J. L.;
Thompson, J. D.; Fisk, Z.; Monthoux, P. J. Phys.-Condes. Matter 2001, 13, L337-1L342.

@) Izawa, K.; Yamaguchi, H.; Matsuda, Y.; Shishido, H.; Settai, R.; Onuki, Y. Phys.
Rev. Lett. 2001, 8705, 4.

(8) Chen, G. F.; Ohara, S.; Hedo, M.; Uwatoko, Y.; Saito, K.; Sorai, M.; Sakamoto, I.
Journal of the Physical Society of Japan 2002, 71, 2836-2838.

(9)  Joshi, D. A;; Tomy, C. V.; Malik, S. K. J. Phys.-Condes. Matter 2007, 19, 0953-
8984.

(10) Mun, E.D.; Lee, B. K.; Kwon, Y. S.; Jung, M. H. Phys. Rev. B 2004, 69, 5.
(11)  Pecharsky, V. K.; Gschneidner, K. A. Phys. Rev. B 1991, 43, 8238-8244.

(12) Movshovich, R.; Jaime, M.; Thompson, J. D.; Petrovic, C.; Fisk, Z.; Pagliuso, P.
G.; Sarrao, J. L. Phys. Rev. Lett. 2001, 86, 5152-5155.

(13) Paglione, J.; Tanatar, M. A.; Hawthorn, D. G.; Boaknin, E.; Hill, R. W.; Ronning,
F.; Sutherland, M.; Taillefer, L.; Petrovic, C.; Canfield, P. C. Phys. Rev. Lett. 2003, 91, 4.

91



(14)  Chevalier, B.; Gaudin, E.; Weill, F.; Bobet, J.-L. Intermetallics 2004, 12, 437.

(15) Kanatzidis, M. G.; Pottgen, R.; Jeitschko, W. Angewandte Chemie-International
Edition 2008, 44, 6996-7023.

(16) Chen, X. Z.; Sportouch, S.; Sieve, B.; Brazis, P.; Kannewurf, C. R.; Cowen, J. A,;
Patschke, R.; Kanatzidis, M. G. Chem. Mater. 1998, 10, 3202-3211.

(17) B. Sieve; X. Z. Chen; R. Henning; P. Brazis; C. R. Kannewurf; J. A. Cowen; A. J.
Schultz; Kanatzidis, M. G. J Am. Chem. Soc 2001, 123, 7040.

(18) Sieve, B.; Trikalitis, P. N.; Kanatzidis, M. G. Z. Anorg. Allg. Chem. 2002, 628,
1568-1574.

(19) Chen, X. Z.; Larson, P.; Sportouch, S.; Brazis, P.; Mahanti, S. D.; Kannewurf, C.
R.; Kanatzidis, M. G. Chem. Mater. 1999, 11, 75-83.

(20) Zhuravleva, M. A.; Kanatzidis, M. G. Z. Naturforch B : Sec. B 2003, 58, 649-657.

(21) Zhuravleva, M. A.; Pcionek, R. J.; Wang, X. P.; Schultz, A. J.; Kanatzidis, M. G.
Inorg. Chem. 2003, 42, 6412-6424.

(22) Zhuravleva, M. A.; Evain, M.; Petricek, V.; Kanatzidis, M. G. J. Am. Chem. Soc
2007, 129, 3082-3083.

(23) Chen, X. Z.; Small, P.; Sportouch, S.; Zhuravleva, M. ; Brazis, P.; Kannewurf, C.
R.; Kanatzidis, M. G. Chem. Mater. 2000, 12, 2520-2522.

(24) Latturner, S. E.; Bilc, D.; Mahanti, S. D.; Kanatzidis, M. G. Chem. Mater. 2002,
14, 1695-1705.

(25) Latturner, S. E.; Bilc, D.; Mahanti, S. D.; Kanatzidis, M. G. Inorg. Chem. 2003,
42, 7959-7966.

(26) Latturner, S. E.; Kanatzidis, M. G. Inorg. Chem. 2008, 47, 2089-2097.

(27) Wuy, X. U,; Latturner, S. E.; Kanatzidis, M. G. Inorg. Chem. 2006, 45, 5358-5366.

92



(28) Wuy, X. N.; Kanatzidis, M. G. J. Solid State Chem. 2005, 178, 3233-3242.

(29) Salvador, J. R.; Gour, J. R.; Bilc, D.; Mahanti, S. D.; Kanatzidis, M. G. Inorg.
Chem. 2004, 43, 1403-1410.

(30) Salvador, J. R.; Bilc, D.; Gour, J. R.; Mahanti, S. D.; Kanatzidis, M. G. Inorg.
Chem. 2005, 44, 8670-8679

(31) Salvador, J. R.; Kanatzidis, M. G. Inorg. Chem. 2006, 45, 7091-7099.

(32) Salvador, J. R.; Hoang, K.; Mahanti, S. D.; Kanatzidis, M. G. Inorg. Chem. 2007,
46, 6933

(33) Chondroudi, M.; Balasubramanian, M.; Welp, U.; Kwok, W.-K.; Kanatzidis, M.
G. Chem. Mater. 2007, 19, 4769-4775.

(34) Canfield, P. C.; Fisk, Z. Z. Philos. Mag. B1992, 65, 1117-1123.

(35) Budko, S. 1.; Islam, Z.; Wiener, T. A_; Fisher, 1. R.; Lacerda, A. H.; Canfield, P.
C. J Magn. Magn. Mater. 1999, 205, 53.

(36) Fisher, I. R.; Islam, Z.; Canfield, P. C. J. Magn. Magn. Mater. 1999, 202, 1-10.

(37) Hundley, M. F.; Sarrao, J. L.; Thompson, J. D.; Movshovich, R.; Jaime, M.;
Petrovic, C.; Fisk, and Z. Phys. Rev. B 2001, 65, 024401.

(38) Macaluso, R. T.; Sarrao, J. L.; Moreno, N. O.; Pagliuso, P.G.; Thompson, J. D.;
Fronczek, F. R.; Hundley, M. F.; Malinowski, A.; Chan, J. Y. Chem. Mater. 2003, 15,
1394-1398.

(39) Sakamoto, I.; Shomi, Y.; Ohara, S. Physica B 2003, 329-333, 607-609.

(40) Bailey, M. S.; McCuire, M. A.; DiSalvo, and F. J. J. Solid Sate Chem. 2005, 178,
3494-3499.

93



(41) Benbow, E. M.; Latturner, S. E. Jnorg. Chem. 2006, 179, 3989-3996.

(42)  Klunter, W.; Jung, W. J. Solid Sate Chem. 2006, 179, 2880-2888.

(43) Zaremba, V. I.; Dubenskiy, V. P.; Rodewald, U. C.; Heying, B.; Pottgen, R. J.
Solid State Chem. 2006, 179, 891-897.

(44) Tobash, P. H.; Lins, D.; Bobev, S.; Lima, A.; Hundley, M. F.; Thompson, J. D.;
Sarrao, J. L. Chem. Mater. 2005, 17, 5567-5573.

(45) Ehlers, G.; Maletta, H. Z. Phys. B 1996, 101, 317-327.

(46) Kittel, C. Introduction to Solid State Physics 7th ed.; John Wiley & Sons, 1996.

(47) Yoshida, H.; Ahlert, S.; Jansen, M.; Okamoto, Y.; Yamaura, J.; Hiroi, Z. Journal
of the Physical Society of Japan 2008, 77, 8.

(48) Yamamura, T.; Li, D.; Yubuta, K.; Shiokawa, Y. J. Alloy. Compd. 2004, 374,
226-229.

(49) Yamamura, T.; Li, D. X.; Shiokawa, Y. Physica B-Condensed Matter 2003, 329,
559-560.

(50) Li,D. X.; Donni, A.; Kimura, Y.; Shiokawa, Y.; Homma, Y.; Haga, Y ;
Yamamoto, E.; Honma, T.; Onuki, Y. J. Phys.-Condes. Matter 1999, 11, 8263-8274.

(51) Kittel, C.; Wiley: New York, 1968; Vol. 22.

(52) Kasuya, T. Magnetism; Academic Press: New York, 1966; Vol. IIB.

(53) Kasuya, T. Prog. Theoret. Phys. 1956, 16, 45-57.

94



CHAPTER 4
Flux Synthesis of Yb;AuGe;In;: an Ordered Variant of the YbAuln

Structure Exhibiting Mixed-Valent Yb Behavior

4-1. Introduction

Intermetallic compounds of the ternary systems RE/TM/In (M = Cu, Ag, Au)
include numerous new intermetallic phases that exhibit rich structural variety'? and
interesting physical properties.” Some examples are CeAuln,*® and the families REAuln
(RE = Eu, Gd-Ho, Yb),*’*"® and REAu,In.'"""*'® In the latter family for example the
members formed by light RE elements undergo a structural phase transition, while the
heavy RE ones display magnetic transitions. YbAu,In is a intermediate valence (IV)
compound'® that shows pressure induced transition from IV to trivalent magnetic
states.'""® Further examples are the RE;Au;In (RE = La-Gd and RE = Tm-Lu)20 which
adopt two different structure types depending on the size of the RE, Yb,TM;In (TM =
Cuy, Pd, Au),2 I'and REAg;In (RE = Tb, Dy).22 An especially interesting set of compounds
are the YbCuysxIn;.<>2 and their Ag, Au analogs®’. This family has shown both mixed
and intermediate valency characterized by a first-order temperature-induced isostructural
valence phase transition. It also shows valence fluctuation induced by pressure or
alloying and it belongs to the class of “light” heavy-fermion systems.?*° Increase of the
In ratio in the RE/AwIn system leads to EuwAuslng,’' RE,Auslns (RE = Ce, Pr, Nd, Sm),3 2

REAuwIn4 (RE = La, Ce, Pr, Nd),** EuAuln, **
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Indium as a flux has been widely used for the crystal growth of principally
known binary or ternary phases.’>*' It has been little exploited as a synthetic medium

334236 especially for quaternary compounds, although there is

compared to Al and Ga,
now an increasing interest in this approach.’’*? Our work with In flux includes only a
limited number of quaternary phases so far, such as the RE4Ni;InGe4 (RE = Dy, Ho, Er,
Tm)*> and RE;Co4InGe,; (RE = Dy, Ho, Yb).*

After the rich chemistry revealed by the thorough examination of the ternary
RE/Au/In system we decided to incorporate also a tetrelide such as Ge in order to search
for more complex structures and compositions. This is analogous to the RE/TM/ALI /Si or
Ge and RE/TM/Ga/Ge or Si systems investigated previously.*>** Among the rare earth
compounds, the Yb-based intermetallics which are considered as the electron hole
counterparts to the isostructural cerium compounds, have received considerable attention
for the past few years. This interest originates from their ability to exhibit various
peculiar properties such as intermediate-valence, heavy fermion or Kondo behavior and
unusual magnetism.***> These properties are generally believed to arise from the strong
hybridization (interaction) between the localized 4f electrons and the delocalized s,p.d
conduction electrons.®*®” Here we present the new compound Yb;AuGe;In;, grown from
In flux which crystallizes as an ordered variant of the YbAuln structure and it is the first
quaternary phase reported as an extension of the rich and extensively studied RE/Aw/In
system. The synthesis, crystal structure, and the study of the magnetic properties, X-ray
absorption near edge spectroscopy (XANES), electrical resistivity, thermoelectric power

and heat capacity measurements are reported. These studies suggest that Yb3AuGe;ln; is

an intermediate or heterogeneous mixed-valence system. The results of the study of the
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crystal structure refinement, magnetic properties, electrical resistivity, heat capacity and
XANES experiments for the isostructural YbAuln are also presented in an attempt to

investigate the similarities and/or differences between the two compounds.

4-2. Experimental section
Reagents:

The following reagents were used as purchased without further purification: Yb,
(in the form of powder ground from metal chunk, 99.9% Chinese Rare Earth Information
center, Inner Mongolia, China), Au (pieces, 99.9% Alfa Aesar, Ward Hill, MA), Ge (
ground from 2-5 mm pieces 99.999% Cerac, Milwaukee, WI) and In (tear drops 99.99%

Plasmaterials, Livermore, CA).

Synthesis:

Yb3;AuGe:In; was obtained by combining 3 mmol of the ytterbium metal, 2
mmol gold, 3 mmol germanium and 15 mmol In in an Al,O; (alumina) crucible under an
inert nitrogen atmosphere inside a glove-box. The crucible was placed in a 13 mm fused
silica tube, which was flame sealed under vacuum of 10 Torr, to prevent oxidation
during heating. The reactants were then heated to 1000 °C over 10 h, maintained at that
temperature for 5 h to allow proper homogenization, followed by cooling to 850 °%Cin2h
and held there for 48 h. Finally, the system was allowed to slowly cool to 50 °C in 48 h.
The reaction product was isolated from the excess In flux by heating at 350 °C and
subsequent centrifugation through a coarse frit. Any remaining flux was removed by

immersion and soniqation in glacial acetic acid for 48 h. The final crystalline product was
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rinsed with water and dried with acetone. This method produced the target compound
with ~ 90% purity and in a yield of ~ 90 % based on the initial amount of Yb metal used
in the reaction. Main side products were very small amounts of YbAuGe and unreacted
In metal. Several crystals, which grow as metallic silver rods were carefully selected for
elemental analysis, structure characterization, and the physical measurements reported
here.

YbAuln was prepared by direct combination of the reactant elements in their
stoichiometric ratios in a Ta crucible under an inert nitrogen atmosphere inside a glove-
box. The Ta tube was sealed under vacuum by Arc Welding and subsequently was sealed
in a quartz tube under a vacuum of 10 Torr. The tube was then heated at 1100 °C where
it stayed for 6 -24 hours and finally it was quenched from this temperature in liquid
nitrogen. This method produced YbAuln in mainly polycrystalline form but also in

compact pieces of crystals in a yield of ~ 60 % and purity of ~ 97 %.

Elemental Analysis:

Yb3AuGe;In;: Semi-quantitative microprobe elemental analysis was performed
on several crystals of the compound using a JEOL JSM-35C scanning electron
microscope (SEM) equipped with a Noran Vantage Energy Dispersive Spectroscopy
(EDS) detector. Data were acquired by applying a 25 kV accelerating voltage and an
acquisition time of 40 s. A typical rod-like crystal of Yb3AuGe;In; is shown in Figure 1.
The EDS analysis taken on visibly clean surfaces of the YbsAuGe;In; crystals gave the

atomic composition of 32.95 % Yb, 10.92 % Au, 32.75 % In and 23.39 % Ge, which is in
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very good agreement with the results derived from the single crystal X-ray diffraction
refinement.

YbAuln: Semi-quantitative microprobe elemental analysis was performed on
several crystals of the compound using a HITACHI MODEL S-2700 Scanning Electron
Microscope (SEM) equipped with a light-element window Noran System Six EDS
detector. Data were acquired by applying a 20 kV accelerating voltage and an acquisition
time of 1 min. For the mainly polycrystalline YbAuln the EDS analysis gave the atomic
composition of 35.37 % Yb, 33.45 % Au and 31.18 % In in fairly good agreement with
the single crystal X-ray diffraction results, though some pieces gave Yb rich content

suggesting they may be impurities present.

X-ray Crystallography:

The X-ray intensity data were collected at room temperature using a STOE IPDS
2T (with additional capability of 26 swing of the detector) diffractometer with graphite-
monochromatized Mo Ka (1 = 0.71073 A) radiation. The X-AREA (and X-RED and X-
SHAPE within) package suite®® was used for data extraction and integration and to apply
empirical and analytical absorption corrections. The structures of Yb3AuGe;ln; and
YbAuln single crystals were solved by direct methods and refined with the SHELXTL
package of programs.5’ A stable refinement for both compounds was accomplished only
in the hexagonal space group P-62m. Data collection and structure refinement details are
given in Table 4-1. The final atomic positions, equivalent isotropic displacement

parameters and anisotropic displacement parameters are listed in Table 4-2 and 4-3.
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To determine the phase identity and purity, powder X-ray diffractions pattern of
YbsAuGe;lIn; were collected at RT on a CPS 120 INEL X-ray diffractometer with Cu K,
radiation, equipped with a position-sensitive detector and were compared to the pattern
calculated from the single crustal structure refinement. For YbAuln RT powder X-ray

diffraction analysis was carried out on a PANanalytical X Pert Pro MPD in Bragg-

Brentano geometry with Co K, radiation and an X’celerator detector.

Table 4-1. Crystal data and structure refinement data for Yb;AuGe;In; and YbsAu;In;.

Empirical formula Yb3;AuGesIn; YbsAuslng
Formula weight 1205.73 727.24
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Hexagonal Hexagonal
Space group P-62m P-62m
a,b(A) 7.3153(8) 7.7127(11)
c(A) 4.4210(5) 4.0294(8)
V(A3) 1Z 204.89(4) /1 207.58(6) / 1
Densityczc (Mg/m’) 9.772 11.635
Absorption coefficient (mm")/ F(000) 67.086/500 94.272 /594
0 range for data collection (°) 3.22 t0 28.25 5.06 to 34.27
-9<h<9 -12<h<12
Index ranges -9<k<9 -12<k <12
5<1<5 -5<1<6
Reflections collected / unique / R(int)  2272/213/0.0262 2949 /363 /0.1339
Completeness to 8 (%) 99.2 99.5
Data / restraints / parameters 213/0/14 363/0/14
Refinement method Full-matrix least- squares on F2
Goodness-of-fit on F 1.077 1.192

Final R indices [>2a(])] (R; / wRy)*  0.0298/0.0746 0.0418/0.1039

R indices (all data) (R / wRy)" 0.0298 / 0.0746 0.0432/0.1046

Extinction coefficient 0.0012(6) 0.0037(9)

Largest diff. peak and hole (e. A'3) 1.723 and -1.777 4.004 and -2.994
1 /

@Ry = 5|F, |- Z\Ff wRy = S|l BE | Zw= 170 )
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4
Tazble 4;2. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters
(A x 10) for YbsAuGe;In; and YbsAuslns.

Atom Wyckoff X y z U(eq)a
Yb 3g 4197(2) 0 5000 9(1)
Au 15 0 0 5000 15(1)
Ge 2c 3333 -3333 0 8(1)
In 3f 7512(3) 0 0 13(1)
Yb 3g 4069(2) 0 5000 11(1)
Au(l) 16 0 0 5000 12(1)
Au(2) 2c 3333 -3333 0 11(1)
In -~ 3f 7416(3) 0 0 10(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 4-3. Anisotropic displacement parameters (}\2 X 103) for Yb3AuGe;In; and
2 211
Ybs;Ausln;. Thezanisotropic displacement factor exponent takes the form: -2x [h a* U +
1
... t2hka*b*U ]

Atom Ull U22 U33 U23 Ul3 UlZ
Yb 9(1) 8(1) 8(1) 0 0 4(1)
Au 17(1) 17(1) 12(1) 0 0 8(1)
Ge 11(1) 13(1) 16(1) 0 0 6(1)
In 9(1) 9(1) 7(2) 0 0 4(1)
Yb 9(1) 10(1) 15(1) 0 0 5(1)
Au(1) 11(1) 11(1) 15(1) 0 0 5(1)
Au(2) 9(1) 9(1) 16(1) 0 0 4(1)
In 7(1) 7(1) 14(1) 0 0 4(1)
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Magnetic Measurements:

Magnetic susceptibility measurements for Yb3AuGe;In; were carried out with a
Quantum Design MPMS SQUID magnetometer at Michigan State University facilities.
EDS-analyzed crystals were soaked in ~ 6M of HCl acid for 15-30 min, washed out with
water, and dried out in a dry oven. The crystals were then ground in open air atmosphere
and sealed in Kapton tape which was inserted into the SQUID magnetometer.
Temperature dependence data were collected between 3 and 400 K, for both zero field
cooled (ZFC, on warming) and field cooled mode (FC, on cooling), with an applied field
of 500 G. Field dependent magnetic measurements were acquired at 3 and 150 K with
field sweeping from 0 up to 50 kG. Core diamagnetic corrections were applied. In order
to study the magnetic anisotropy of the material, measurements were performed on
several aligned single crystals oriented with the c-axis parallel and normal to the applied
field of 2 kG. Field dependence measurements were also performed for both orientations
at 5 K between 0 and 50 kG. These measurements were conducted at Northwestern
University facilities.

Additional magnetization measurements were conducted at Materials Science
Division (MSD) facilities at Argonne National Laboratory (ANL) using a Quantum
Design MPMS SQUID magnetometer equipped with reciprocating sample option (RSO)
mode as well as a Quantum Design PPMS magnetometer. For these measurements
crystals of Yb3AuGe;In; were soaked in glacial acetic acid and soniqated for 24 — 48 hrs,
washed out with dried acetone and dried under the flow of nitrogen. Samples of YbAuln
were used without any further cleaning process. Subsequently, crystals were either

ground inside a nitrogen filled glove-box or loaded randomly (or oriented) without
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grounding into gelatin capsules, mounted in a plastic straw and affixed to the end of a
carbon fiber rod. Multiple temperature and field dependent measurements were

performed for both compounds at various fields and temperatures.

X-ray absorption near edge spectroscopy (XANES):

X-ray absorption near edge spectroscopy (XANES) experiments were performed
in Sector 20, bending magnet beamline (PNC/XOR, 20-BM) of the Advanced Photon
Source at the Argonne National Laboratory, IL, USA. Measurements at the Yb L edge
and at ambient pressure were performed in the transmission mode using gas ionization
chambers to monitor the incident and transmitted X-ray intensities. A third ionization
chamber was used in conjunction with a copper foil to provide internal calibration for the
alignment of the edge positions. Monochromatic X-rays were obtained using a Si (111)
double crystal monochromator. The monochromator was calibrated by defining the
inflection point (first derivative maxima) of Cu foil as 8980.5 eV.” A rhodium-coated X-
ray mirror was utilized to suppress higher order harmonics. The Yb3;AuGe;In; and
YbAuln samples were prepared both by mixing an appropriate amount of finely ground
powder with BN and cold pressing them to a pellet as well as by dusting the finely
ground sample on Kapton tape and stacking several layers (8-12 layers) together. Most of
sample preparation procedures were carried out inside a glove box environment.
Measurements were performed at a range of temperatures from 15 to 300 K using a
closed cycle refrigerator. Data reduction and analysis were performed using Athena and
Artemis software developed by Newville and Ravel.”' Care was taken to minimize

thickness effects in the measurements.
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Resistivity:

For Ybs;AuGe;ln; electrical resistivity was determined using a six probe technique
in a standard ‘He gas flow cryostat at Materials Science Division (MSD) facilities at
Argonne National Laboratory (ANL). Heating was avoided by reducing the current, and
hysteresis, caused by slight thermometer - sample temperature differences, was avoided
by sweeping the temperature slowly. More detailed experimental description can be
found elsewhere.”? Data points were taken during the cooling cycle from 302 to 2.48 K.
Typical size of the rod-shaped crystals measured forYbsAuGe;In; was 0.66 x 0.12 x 0.08
mm.

For YbAuln electrical resistivity was measured as a function of temperature on
single crystals. Electrical contact was made using silver paint and Cu wire directly on the
crystals surface. Measurements were made for arbitrary current directions in the a,c-plane
using a standard four point contact geometry (AC) in a Quantum Design Physical
Property Measurement System (PPMS). Data points were recorded during the heating

cycle at a temperature range of 1.8 — 274.3 K.

Heat Capacity:

Specific heat measurements of single crystals of Yb3AuGe;In; and YbAuln were
performed by a Quantum Design PPMS commercial device, at Northwestern University
facilities, in the temperature range of 1.8 — 50.3 K by relaxation method using the “Two-

Tau Model”.”
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Thermoelectric Power:

Thermoelectric power was measured using a SB-100 Seebeck Measurement
MMR System, at Northwestern University facilities, in the temperature range between
310 and 710 K on a single rod-shaped crystal of Yb3;AuGe;In; The electrical contact for
the thermopower measurement was made using silver paint with the sample mounted on

an alumina stage.

4-3. Results and Discussion
Reaction Chemistry:

Crystals of Yb3AuGe;In; grow in In flux generally as metallic silver rods and in a
smaller portion as thinner needles. Figure 4-1(A) shows a scanning electron micrograph
of a typical rod type Ybs;AuGe;In; crystal. Reaction byproducts were small amounts of
unreacted gold which tends to wet the surface of the crystals as well as very small
amounts of YbAuGe, which due to very different crystal morphology (polygonal shape)
could be easily distinguished and removed when necessary. When other rare earth metals
such as Ce, Sm, Eu, Dy and Pr were employed under the same reaction conditions we did
not observe analogs of Yb;AuGe;ln;. Instead these reactions led to other quaternary
phases which will be reported in future work. In contrast, the REAuln family of
compounds forms with most of the RE atoms including Yb.*

The YbAuln compound was synthesized by direct combination of the reactants in
primarily grey polycrystalline form and pieces made up from packed crystals, with the
exemption of the formation of a few single silvery metallic crystals as needles. The main

byproduct was recrystallized Ta from the reaction vessel. Attempts to generate the
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YbAuln phase by flux reactions failed to produce the target phase in a significant purity
and yield as they are many competitive Yb,Au,In, phases. Figure 4-1(B) displays an

SEM image of an YbAuln chunk.

100 um

250 um

(A) (B)

Figure 4-1. Scanning electron micrograph (SEM) image of (A) a flux-grown

YbsAuGe;In; single crystal and (B) a compact piece of YbAuln.

Structure:

Yb3;AuGeslIn; crystallizes as an ordered variant of the YbAuln structure®'" which
can be explained in the following manner; in the quaternary compound Ge has substituted
for one of the two Au positions of the ternary compound written as Yb3;Ausln;. Both
compounds adopt the ZrNiAl-type structure,” which itself is a ternary ordered version of
Fe,P,” in the hexagonal space group P-62m. The overall structure of the quaternary

compound as viewed down the c-axis is illustrated in Figure 4-2. Yb3;AuGe;Ins can be
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described as alternating layers of [Ge:In3;] and [Yb3Au] slabs that stack along the c-axis
as it can been seen in the a,c view of the framework, Figure 4-3(A). Detailed descriptions
of the two structural fragments are given below.

The [Ge;Ins] slabs consist of regular planar triangles built up from three In atoms
and slightly distorted planar pentagons composed of one In-In dimer and four In-Ge
bonds, as can be seen in the a,b projection of this layer, Figure 4-3(B). Every triangle is
surrounded by six pentagons (two regular and four distorted) thus forming an infinite
network of three- and five-membered rings that extend in the a,b-plane and stack along
the c-axis. The bond between the In atoms is 3.152(4) A which compares well to the In-In
bonds found in the tetrameric segment of REAu,Ins*’ ranging between 2.966(1) and
3.172(1); but it is shorter than the average In-In distance of 3.333 A in elemental
indium,’® suggesting rather strong bonding. The In-Ge bonds at 2.7993(14) compare well
to corresponding distances found in EulnGe’’ and Ca,LiInGe,’® ranging from 2.75 to
2.876 A, but these are shorter than the ones found in the quaternary phase
RE;Co4InGe,, (ranging from 2.9214(14) to 2.965(3) A) or in CeslngseGe; 1, where
they have the value of 2.99 A.

In the [Yb3Au] layer of the structure the Yb atoms are arranged in a flat net
forming corner-sharing triangles with Yb-Yb distance of 3.7996(8) A, see Figure 4-3(C).
The Yb-Yb distance between two adjacent [Yb3Au] layers is equal to the c-axis at
4.4210(5) A. The three-dimensional arrangement that the rare earth atoms adopt in this
structure type leads to three exceptional features: i) The RE ions within the same layer
form triangles so when it comes to antiferromagnetic coupling between nearest

neighbours, this topology can cause frustration of the magnetic interactions. ii) The fact
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that the magnetic RE atoms are stacked in [Ybs;Au] layers that alternate with the non-
magnetic Ge-In layers, can give rise to indirect exchange interactions. iii) The crystalline
electric field surrounding the lanthanide ions frequently induces strong anisotropy, which
leads either to Ising or XY spin behavior.®*®' Examples of compounds adopting this
arrangement are the families of REAuln'®'? and RENiAL¥* The Au atoms are isolated
from one another and are found among the Yb triangles in the net at a Au — Au distance
of 7.3153(8) A, which is equal to the a-cell parameter. With respect to the [Ge;In;3] slab
the [Ybs;Au] layer is positioned so that the Yb atoms are in registry with the centers of the
pentagons, while the Au atoms are in registry with the In triangles, see Figure 4-2.

The bonding environment of the Au atoms is shown in Figure 4-4. As mentioned
above the Au atoms are isolated from each other forming bonds only with In and Yb
atoms. Each Au atom forms six bonds to In atoms, from which three belong to the
[Ge,ln;3] layer above and three to the layer below the atomic Au plane at an equal bond
distance of 2.8634(13) A, which agrees well with other reported Au-In bonds of other
intermetallic compounds®'?*. This arrangement makes for a regular trigonal prismatic
geometry around the Au atoms. The rectangular faces of the gold-centered indium prism
are capped by three Yb atoms in a trigonal planar mode, with Yb-Au bond equal to
3.0700(15), resulting in a coordination number (CN) of 9 for the Au atoms. A nearest
neighbor environment with CN 9 is common for transition metal atoms in intermetallic
compounds.

The Ge atoms are also isolated from one another and exhibit the same
coordination geometry with the Au atoms, but in this case the trigonal prismatic

enviroment is formed by the Yb atoms and is capped by three In atoms in a trigonal
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planar manner, Figure 4-4. The In atom is eight coordinate, bonded to two other In atoms
as well as to two Au, Yb and Ge atoms respectively in an arrangement that could be
described as distorted tetragonal prism, Figure 4-4.

The coordination environment of the crystallographically unique Yb site is given
in Figure 4-4. The rare earth atom is coordinated by 6 In atoms and 4 Ge atoms that gives
rise to a pentagonal prismatic geometry, capped by a Au atom.

An alternative view of the Yb3;AuGe;In; structure is in polyhedral representation.
Figure 4-5, depicts the connectivity of the Au-centered In trigonal prisms and the Ge-
centered In planar trigons, as viewed in the g, b-plane. The In trigonal prismatic polyhedra
are fused. They share both of their trigonal faces thus forming trigonal columns that
extend along the c-axis, see Figure 4-6. These columns are aligned parallel to each other
and every such column shares each In corner, in the a,b-plane, with two trigonal planes
which are centered by Ge atoms. Overall six such trigonal planar polyhedra surround
every trigonal prismatic column to build the three-dimensional [AuGe;In;] framework.
The Yb atoms reside within the void space among the polyhedra. Table 4-4 gives a list of

selected bond distances for Ybs;AuGe;In; and YbAuln.
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Figure 4-2. The overall structure of YbsAuGe;In; as viewed onto the a,b-plane. For

clarity the bonds to the Yb atoms are not drawn.
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Figure 4-3. (A) Projection of the crystal structure of Ybs;AuGe;ln;, viewed
approximately down the b-axis, where the alternating layers of [Ge;In3] and [Yb3Au] are
emphasized. (B) Projection of the [Ge;lIn;] layer onto the a,b-plane. (C) Projection of the
[YbsAu] layer onto the a,b-plane. The Yb atoms are connected with lines in order to

emphasize the corner-sharing triangles.
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Figure 4-4. Coordination environment of the Au, Ge, In and Yb atoms. The coordination

sphere cutoff is 3.5 A.
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Figure 4-5. Polyhedral view of the Yb3AuGe;In; structure featuring the connectivity of
the Au-centered In trigonal prisms and the Ge-centered In planar trigons, in the a,b-plane.

Figure 4-6. Stacking of the Ge-centered In trigonal planes and Au-centered In trigonal
prisms along the c-axis. The In trigonal prisms are fused, forming trigonal columns that
extend down the c-axis.
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Table 4-4. Selected bond lengths (A) for Yb;AuGe;In; and YbsAusln;.

Bond Yb3AuGe;In; YbsAusln;

Yb-Au/ Yb-Au(l) 3.0700(15) 3.0874(5)

Yb-In 3.2815(19) 3.275(2)
3.4694(9) 3.4094(10)

Yb-Ge 3.1131(4)

Yb-Au(2) 3.0874(5)

Au-In/ Au(1)-In 2.8634(13) 2.8339(16)

Au(2)-In 2.9033(15)

Ge-In 2.7993(14)

Yb-Yb 3.7966(8) 4.0521(16)

Magnetic Measurements:

Grinding in open air. Figure 4-7(A) shows the temperature dependence of the
molar magnetic susceptibility (y») of a ground sample (grinding process was performed
in open air atmosphere) of Yb3;AuGe;In; measured from 3 to 400 K with applied field of
500 G. The magnetic susceptibility data follow a modified Curie-Weiss law that includes
a temperature independent component according to the equation y(T) = xo + C / (T - 6)).
Xo includes the sum of the temperature-independent conributions, e.g. van Vleck
paramagnetism and Pauli paramagnetism (due to conduction electrons). The effective
magnetic moment u.¢ was deduced from the Curie constant C, (C = yenz / 8). A nonlinear
least-squares fit to this equation resulted in yo = 3.2 x 10~ emu/mol of Yb atom, Curie -

Weiss constant of 6, = -1.5 K indicating antiferromagnetic interactions and an effective
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moment of 0.52 ug / Yb atom. The inset in Figure 7(A) shows the plot of 1/ (x - o) versus
temperature. The estimated effective moment of 0.52 ug, is only ~ 11.5 % of the value
expected for the free-ion Yb**, 4.54 ug. This indicates that the compound contains both
Yb* and Yb*" atoms. In order to confirm the presence of Yb®" species in the title
compound we performed XANES studies that are discussed below.

The field dependence of the magnetization M(H) for Yb;AuGe;In; ground sample
at 3 and 150 K can be found in Figure 4-7(B). The data measured at 3 K exhibit linear
behavior up to about 12 kG at which point the slope changes continuously until about 33
kG, where it becomes linear again but with a much shallower slope. No signs of
saturation up to highest attainable field of 50 kG were observed. The magnetization curve
taken at 150 K shows a very different picture. There is a strong field dependent response
up to ~ 1.2 kG, which saturates at ~ 11 kG, while above that field M(H) becomes linear
up to the highest obtainable field. This suggests that, there is probably a small
ferromagnetic component in the YbsAuGe,In; compound which is part of the structure
itself and not an extrinsic impurity component. It is possible that although the majority of
the Yb atoms are in the Yb®* state, there are small regions in the structure that are

b**** or even Yb** giving rise to a

occupied by Yb atoms having a non integer valence Y
small number of magnetic moments. This small ferromagnetic component could explain
the hysteresis that appears between the ZFC and FC magnetic susceptibility data in the

temperature range of ~ 15 — 260 K an effect that is fully reproducible.
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Figure 4-7. (A) Temperature dependence of the molar susceptibility y, of YbsAuGe;In;
(ground samples) with an applied field of 500 G. The inset shows the plot of 1/ (ym - x0)
versus temperature. (B) Magnetization data of Yb;AuGe;In; collected at 3 and 150K.
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Unground, randomly oriented crystals. We also performed temperature
dependent molar magnetic susceptibility (y,) measurements for Ybs;AuGe,ln; for a
sample of randomly oriented crystals (placed in a kapton tape envelope, unground)
measured between 3 and 400 K with an applied field of 1 kG, Figure 4-8. The data
exhibit similar qualitative behavior. There is an apparent hysteresis between ZFC and FC
data, at the temperature range of 15 — 340 K, but the y,, values are smaller. A least-
squares fit of the FC data with the modified Curie-Weiss law x(7) = yo + C / (T - 6,),
resulted in yo = 1.8 x 10 emwmol of Yb atom, Curie - Weiss constant of 6, = -0.86 K
indicating antiferromagnetic interactions and an effective moment of only 0.13 ug / Yb
atom. We see that the estimated effective moment is much smaller than the one found
from the ground sample. This suggests that in the single crystal form Yb;AuGe;In; has a
smaller portion of Yb** moments.

The inset in Figure 4-8 shows the field dependence of the magnetization M(H) for
the single crystal sample of Yb3;AuGe:In; collected at 3K. The magnetic moment shows
some strong dependence on the lower fields, roughly saturates between 24 and 37 kG,
while the moment after 40 kG starts decreasing. This decrease at higher fields is probably
due to the weak overall response of the paramagnetic moment and that the diamagnetic
signal (from the background) at the higher field values becomes more significant. The

magnetization data confirm the small portion of the Yb** moments in the sample.
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(sample of randomly riented crystals) with an applied field of 1 kG. The inset shows the
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to 50 kG.

Magnetic anisotropy - unground, oriented crystals. Because the 3D
arrangement of the RE atoms in the ZrNiAl-structure type often induces strong
anisotropy, that could lead to interesting phenomena such as Ising or XY spin

1982 we measured the magnetic susceptibility parallel and normal to the c-axis of

behavior,
crystals of Yb3AuGe;Ins. Several single crystals were aligned together so their c-axes

were nearly parallel. From Figure 4-9 it’s obvious that the material is indeed magnetically

118



anisotropic. When the c-axis is oriented parallel to the applied field the material appears
nearly diamagnetic above 60 K while when it is aligned normal to the field it exhibits
almost temperature independent (pauli paramagnetic like) behavior which tends to a
small increase towards higher temperatures.

The magnetization curve measured at 5 K, see Figure 4-10, for the parallel
orientation, shows linear dependence up to 22 kG. Beyond this point the slope starts to
change with no saturation up to 50 kG. Finally, the magnetization with the field normal to
c-axis is higher in magnitude and exhibits linear response up to 2 kG, followed by a
change in slope at ~ 4 kG. The moment at 50 kG is 0.08 ug / mol more than the

corresponding one of the parallel orientation.
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Figure 4-9. Temperature dependence of the molar susceptibility ym of YbsAuGe>In; on
single crystals, oriented with the c-axis parallel (circles) and normal (rhombi) to the
applied field of 2 kG.
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orientations measured at 5 K between -50 and 50 kG of applied fields.

Magnetic Measurements under Variation of Experimental Parameters:

In our efforts to further explore the magnetic properties we tried to study the
magnetic behavior of Yb;AuGe;In; with measurements where various experimental
parameters were adjusted. Our first attempt was to study the magnetic response of a
sample initially consisted of randomly oriented crystals and subsequently after the
crystals were ground in a inert atmosphere inside a N, filled glove-box. The grinding
process in a inert atmosphere was incorporated in order to avoid possible oxidation of the
sample especially of the Yb species. We additionally changed the cleaning process of the
crystals before the measurements, since the initially used HCI acid is considered a rather

harsh and strong acid. In the following measurements the selected crystals were further
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treated with glacial acetic acid and soniqation for ~ 24 — 48 days and then consequently
washed with dried acetone and dried out under N, atmosphere. Another experimental
parameter that was tested was the temperature rate (K / min) of the initial cooling from
room temperature down to lowest temperature of 2 K as well as the rate during data
collection.

Unground single crystals — fast cooling. Figure 4-11(A) shows the temperature
dependence of the magnetic susceptibility (y.) of an Yb3;AuGe;In; sample of single
crystals loaded randomly in a gel-cup and measured between 2 and 280 K with an applied
field of 0.5 kG. The sample was zero field cooled from RT down to 2 K with a rate of 10
K / min (fast cooling) and the data were collected with the same rate (and settle mode).
The data show again a hysteresis between the ZFC and FC at a temperature range of 60 -
280 K, see inset. A least-squares fit of the data with the modified Curie-Weiss law yn(T)
=xot+t C/(T—-6p), resulted in yo=1 x 10* emuw/mol of Yb atom, Curie - Weiss constant
of 6, = - 1.7 K indicating antiferromagnetic interactions and an effective moment of 0.21
g/ Yb atom. This gives a 4.7 % of the theoretical value for Yb**.

Ground inside N; glove-box crystals — fast cooling. The molar magnetic
susceptibility y.(7) data of the Yb;AuGe;In; sample after it was ground inside a glove-
box, are given in Figure 4-11(B). As it can be seen, the magnetic data exhibit a
remarkably different behavior. At ~ 145 - 150 K there is a sharp change in the slope,
suggesting the onset of a ferromagnetic transition, while a divergence between the ZFC
and FC data starts to occur. Additionally, the ZFC curve exhibits a crossover of the FC
curve between 150 and 80 K. Below 80 K the divergence between ZFC and FC mode

becomes maximum. An additional feature of a small cusp centered at ~ 180 K also
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appears. This behavior was fully reproducible for ground samples were the grinding

process was performed inside glove-box.
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Figure 4-11. (A) Temperature dependence of the molar susceptibility ym of Yb3AuGe;In;
with an applied field of 0.5 kG and with a temperature rate of 10 K / min for both initial
cooling down from RT and collecting data (A) for a sample of randomly oriented
crystals. Inset shows higher temperature data and (B) ym(7) of the same sample after
grinding it inside a nitrogen filled glove-box.
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The field dependence of the magnetization M(H) data for both samples of
Yb;AuGe;In; single crystals and ground, are given in Figures 4-12(A) and (B)
respectively. Both curves were measured at 2 K, after the FC data were collected with a
temperature rate of 10 K / min, and with field sweeping from -55 kG up to 55 kG. The
magnetization curve for the sample of single crystals exhibits a stronger dependence at
lower fields, while after roughly 0.9 kG the slope continuously changes and becomes
shallower. There is no sign of saturation up to the highest attainable field of 55 kG.

The corresponding magnetization M(H) curve for the ground sample shows a very
different picture. The moment shows a very strong field dependent response for very
small fields while the slope immediately changes sharply and the material goes through a
metamagnetic like transition that takes place only in increasing field data, see arrow in
Figure 4-12(C). This jump disappears in the decreasing filed data. In both increasing and
decreasing field curves though there are apparent hysteresis loops for both positive and
negative fields, indicating a ferromagnetic ordering of the spins. This reinforces the
results obtained already from the susceptibility yn(7) data where it was seen that even
though Yb3AuGe,In; when measured as single crystals exhibits weakly temperature
dependent paramagnetic behavior above 50 K while a hysteresis between the ZFC and
FC data starts to arise; however, when the crystals are ground in an inert atmosphere
Yb;AuGe;In; exhibits a ferromagnetic transition. This suggests that the material goes into
a different magnetic state with a much higher magnetic moment. Further measurements

are needed at this point to explain this behavior.
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Figure 4-12. Magnetization data of Yb3;AuGe;lIn; collected at 2 K and field sweeps
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arrow indicates a metamagnetic like transition.
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Figure 4-12. (C) Low field magnetization data of the ground inside the glove box

Yb;AuGe;In; sample. The arrow indicates a metamagnetic like transition.

Slow cooling. In a next step, we tried to investigate the magnetic response of both
single crystals and ground samples of Yb;AuGe;In; with a slow cooling rate. Since the
material seems to undergo a magnetic transition we wanted to explore the effect of giving
the system more time for this transition to take place. For the following measurements the
temperature was decreased from 300 K to 200 K with a rate of 10 K / min, and finally
down to 2 K with 1 K / min. During data collection the settle mode was used with a
temperature change of 1 K / min (that accounts for a very slow overall measurement).

Unground, single crystals — slow cooling. Figure 4-13(A) shows the thermal

variation of the molar magnetic susceptibility () of an YbsAuGe;In; sample of single
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crystals loaded randomly in a gel-cup and measured between 2 and 300 K with an applied
field of 1 kG. The material shows similar behavior with the fast cooling measurement.
There is a profound hysteresis between the ZFC and FC at a temperature range of 30 -
300 K and weak temperature dependence above ~ 50 K. A least-squares fit of the data
with the modified Curie-Weiss law x(T) = yo + C / (T — 6,), resulted in yp = 5.3 x 10"
emu/mol of Yb atom, Curie - Weiss constant of 8, = - 4 K indicating antiferromagnetic
interactions and an effective moment of 0.28 ug / Yb atom. This gives a 6.2 % of the
theoretical value for Yb>*. In overall, comparing to the fast cooling data the slow cooling
one results in bigger irreversibility between ZFC and FC curves and in a slightly
increased Yb** amount.

Ground inside N; glove-box crystals — very slow cooling. The molar magnetic
susceptibility y.(7) data of the same Ybs;AuGe,In; sample after it was ground inside a
glove-box with applied fields of 0.5 and 1 kG (open trigons and solid circles,
respectively), are given in Figure 4-13(B). The material exhibits again a ferromagnetic
ordering, as in the case of the ground sample, after fast cooling. However, under a very
slow overall measurement we observe that the transition has moved to a higher
temperature, from ~ 150 to ~ 240 K, (almost 100 K difference) and has become sharper
and more clear, in that the ZFC curve does not crossover the FC curve anymore, but
simply diverges considerably below ~ 220 K. A possible interpretation of this could be
that, whatever transition the material goes through when it is in the ground form,
prolonged initial cooling time as well as collection time, allows it to develop to a higher

degree.
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Remeasurement of the ground inside glove-box sample after the course of 44
days. In order to check whether the system relaxes back to the initial state (before the
grinding), stays the same or even keeps changing the same ground sample was measured
again after the period of ~ 44 days and under very slow temperature rate again. The molar
magnetic susceptibility y.(7) data of this measurement with an applied field of 0.5 kG (v.
slow 2, open squares) are also given in Figure 4-13(B). Comparing with the previous
measurement (0.5 kG, v. slow, solid circles) the data, with the exception of a small
difference in the ZFC curve below the transition temperature, did not show any
significant change. This means that the system remained stable during the period of ~ 44
days (stored under nitrogen flow). That could possibly mean that the transition had been
already completed in the course of the first measurement.

Ground inside glove box sample after fast cooling and pressing it into a
pellet. Figure 4-13(B) also displays the y,(T) data of two additional measurements of the
same sample as above. One after fast cooling (solid rhombi) and one after the sample was
pressed into a pellet (open circles, only a small portion of the pellet was used). For both
measurements same rate profile was used: from 300 K to 10 K with 10 K /min and then
with 1 K/ min down to 2 K and a sweep mode with 1 K / min rate during data collection.
The only significant difference that we see is a gradual decrease of the absolute y,.(7)

value going from one to another data set.
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Figure 4-13. Temperature dependence of the molar susceptibility y, of Yb3;AuGe;In;
with an applied field of 0.5 and 1 kG and temperature rates of 10 K / min (fast cooling)

and 1 K / min (very slow cooling) (A) for a sample of randomly oriented crystals (B)

same sample after grinding inside a nitrogen filled glove-box.
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Unground single crystals - slow cooling. The field dependence of the
magnetization M(H) data for both samples of Yb3;AuGe;In; single crystals and ground
and under slow cooling, are given in Figures 4-14(A) and (B) respectively. For the
magnetization data of the single crystals sample the temperature of 65 K was chosen in
order to study the magnetic response in a temperature where the ZFC and FC data exhibit
hysteresis in the y,,(T) data. The magnetic moment shows a linear response to the field up
to ~ 20 kG. At higher fields there is a hysteresis loop up to about 50 kG, at which point
the magnetization curve becomes linear again. This suggests that at 65 K where the ZFC
and FC differ there is probably a ferromagnetic component in the system already before
the crystals are ground.

Ground crystals inside glove-box — slow cooling. Figure 4-14(B) shows the
magnetization M(H) data after the grinding of the sample measured at 2 K and 200 K.
The curve at 2 K exhibits a clear hysteresis loop for both negative and positive values of
the field, which is a typical magnetic response for ferromagnetic systems. Above the field
of ~ 27 kG the hysteresis loop disappears the moment starts to saturate. At the highest
applied field of 60 kG, the moment reaches a value of 0.45 ug / mol which is only 7 % of
the theoretical value for three Yb>* atoms. In the M(H) data measured at 200 K (dashed
line) the slope of the curve continuously changes and becomes linear at ~ 30 kG. At the
field of 55 kG the moment has a value of 0.37 ug / mol, which is consisted with decreased
saturation moment expected at higher temperatures. The inset shows the low field region
data. The magnetization data support the assumption that there is a higher amount of
Yb** species in the ground form of the sample and that the system goes through a

magnetic phase transition that seems to be of ferromagnetic nature.
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sample after grinding inside a nitrogen filled glove-box. Inset shows low fields region.
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We also tried to investigate the magnetism of the YbAuln compound under
similar experimental conditions applied for the Yb;AuGe;In; compound, hoping that it
will help us in a better understanding of the intriguing results that we got from the study
of the magnetic properties of the quaternary phase. Under this scope, measurements of
both single crystals (or compact pieces of crystals) and ground samples (in open air and
inside a glove-box) were used for fast as well as slow cooling temperature rates.

Ground crystals in open air. Figure 4-15 shows the temperature dependence of
the molar magnetic susceptibility (y.) of a ground sample (grinding process was
performed in open air atmosphere) of YbAuln measured from 2 to 400 K and with an
applied field of 1.8 kG. Qualitative the y,(7) data display similar behavior with the
ground in open air sample of the isostructural Yb;AuGe;In;_ in that there is no transition
but instead there is a small hysteresis between ZFC and FC (not apparent in the plot due
to the scale of the low temperature region) roughly at the region of 15 — 250 K and above
~ 50 K the moment is only weakly temperature dependent. A nonlinear least-squares fit
to this equation of the FC data up to 175 K (higher temperature data were excluded due to
increased noise) resulted in o= 5 x 10* emwmol, Curie - Weiss constant of g, = -3.5 K
indicating antiferromagnetic interactions and an effective moment of 0.68 ug / Yb atom,
which is about 15 % of the theoretical value for a free Yb** atom.

The isothermal magnetization for the same ground sample of YbAuln measured at
2 K can be found in the inset of Figure 4-15. The magnetization increases gradually with
applied external field, which is characteristic of the paramagnetic state; and no sign of
saturation is observed up to maximum applied field of 55 kG. Both susceptibility and low

temperature magnetization measurements for a ground in open air atmosphere sample of
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YbAuln exhibit similar behavior with the corresponding ground sample in open air of
Yb3AuGe;In;. Both materials exhibit paramagnetic behavior with no observed magnetic

ordering but with a distinct, reproducible hysteresis between ZFC and FC data.
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Figure 4-15. Temperature dependence of the molar susceptibility ym of a ground in open
air YbAuln sample, with an applied field of 1.8 kG. The inset shows the magnetization

data of the same sample collected at 2 K and with field sweeps from -55 to 55 kG.
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Ground crystals inside glove-box. In Figure 4-16 two samples of YbAuln are
examined, one where crystals and compact pieces of crystals where ground inside a N,
filled glove-box and one where bigger pieces where just broken into much smaller ones
by slightly hitting with a pestle in a mortar (in open air). Both samples were cooled from
room temperature down to 2 K with the fast (10 K / min) temperature rate and the same
rate was used during data collection.

Ground inside glove box sample — fast cooling. The thermal variation of the
susceptibility y,(7) of the ground sample (open rhombi) of YbAuln measured with 1 kG
applied field, given in Figure 4-16(A), differs remarkably from the ground in open air
sample, in a similar way observed for the quaternary phase. The system seems to also
undergo a ferromagnetic transition that onsets at ~ 145 - 150 K, as is evident by the steep
change in the slope, which also coincides with the beginning of the ZFC and FC data
divergences, as well as with the crossover of the ZFC curve of the FC curve that
continues until 80 K. Below 80 K the difference becomes maximum as the ZFC curve
after a peak starts going down, while the FC curves keeps rising to higher ., values. The
additional feature of a small cusp centered at ~ 180 K is also present.

Crashed pieces — fast cooling. The susceptibility y.(7) of the sample consisting
of crashed pieces (solid triangles) displays quite similar behavior, see Figure 4-16(A).
Even though the overall increase of the moment is much smaller than in the ground
sample, it still goes through a ferromagnetic transition. In this case, the transition is much
broader and it starts at ~ 135 - 140 K, while the ZFC curve crosses over the FC curve
until ~ 90 K (see inset). The biggest difference from the ground sample is in the ZFC

curve behavior below 90 K. The ZFC data instead of going down towards smaller
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susceptibility values, after the crossover they show a plateau until ~ 35 K and then they
continue rising up to higher susceptibility values, even though they still diverge from the
corresponding FC data. A very small cusp at 180 K also still appears.

The isothermal magnetization for both ground (solid line) and crashed pieces
(dashed line) samples of YbAuln measured at 2 K, are given in Figure 4-16(B). For the
ground sample the moments are rapidly aligned with the application of very small fields
while hysteresis loops appear for both negative and positive fields, confirming the
ferromagnetic state of the material. The highest applied field of 55 kG is not enough to
saturate the spins and the moment reaches only a value of 0.1 zg/ mol. The magnetization
of the crashed pieces sample (dashed line) displays also a stronger field response at very
small fields and a very small hysteresis at higher ones, but at the maximum applied field

the moment is very small.
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In the next measurements we tried to study the difference in the magnetic
response of a sample consisted of random compact pieces of YbAuln crystals as they
came out of the reaction vessel without any grinding or crushing and after the pieces were
ground in an inert atmosphere of a glove-box. Measurements were performed for both
fast cooling (300 to 10 K with 10 - 12 K / min and down to 2 K with 1 K / min rate) and
slow cooling (300 to 2 K with 1 K / min rate). During data collection the sweep mode
was used with 1 K / min temperature change. The measurements were performed with a
PPMS magnetometer (generally smaller sensitivity compare to SQUID measurements.

Unground randomly oriented pieces, slow / fast cooling. Figure 4-17 shows the
temperature dependence of the molar susceptibility y, of YbAuln for the sample of
randomly oriented pieces for fast (open circles) and slow (solid trigons) cooling rates. For
both rates the sample seems to appear as paramagnetic, similar to the behavior for
random single crystals of the Ybs;AuGe;In; compound, with a much more distinct
hysteresis for the fast cooling data.

.Light ground crystals inside glove-box, slow / fast cooling. The susceptibility
xm(7T) data measured again for both fast and slow cooling after the same sample was
slightly ground inside a glove-box, are displayed in Figure 4-18. The sample for both
cooling rates shows practically the same behavior and exhibits the ferromagnetic
transition that was seen in the previous ground samples (inside the glove-box) but some
new features are also observed. Comparing to the data given in Figure 4-16(A) (measured
at a SQUID), the hysteresis between the ZFC and FC data starts at 180 K, which
coincides with the cusp found in the previous measurements and is followed by the ZFC

curve crossing over the FC one at ~ 135 K until ~ 90 K. Below this temperature the
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curves follow the same behavior as in the ground sample in Figure 4-16(A). Furthermore,
we notice a jump in the susceptibility for both cooling rates measurements at about 235 —
240 K, which coincides with the sharp and clear ferromagnetic transition that the ground
sample of the Yb3;AuGe;In; phase showed when it was measured at very slow cooling as
well as data collection temperature rate (Figure 4-13(B)).

Stronger grinding. In order to examine if the strength of the grinding process has
any effect on the observed transition, we reground the previous lightly ground sample
described in the previous paragraph but this time harder and for longer time. The
susceptibility ym(7) data of the reground sample (solid squares) are also presented in
Figure 4-18. The reground sample measured under slow cooling rate gave the same

qualitative behavior but the susceptibility was increased.
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Figure 4-17. Temperature dependence of the molar susceptibility of a sample consisting
of randomly oriented pieces for fast and slow cooling rates with 1 kG applied field.
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Figure 4-18. Temperature dependence of the molar susceptibility y, of YbAuln sample
after it was ground once (slightly) for fast and slow cooling and reground for second time
(harder) for slow cooling. The applied field was 1 kG for all measurements.

All ZFC-FC measurements presented up to this point were conducted with initial
cooling from room temperature down to 2 K without the application of a field, and then
after the field was turned on the ZFC data were collected on warming and the FC data on
a consecutive cooling. In the following measurements given in Figure 4-19 and 4-20, we
added an additional cycle where data were collected after the FC mode on warming again
and these are the field cooled data on warming (FCW).

ZFC, FC, FCW modes. Figure 4-19(A) shows the temperature dependent molar
susceptibility ym(7) of the previous reground sample (given in Figure 4-18) of YbAuln
for a cycle consisting of ZFC, FC and FCW data collected with 1 kG applied field and for

both slow and fast cooling rates. The ZFC and FC curves remained the same as in the
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previous measurement (Figure 4-18). However, the FCW curve does not coincide with
the FC one for the whole temperature range but instead displays some irreversibility
between ~ 30 and 150 K which is indicative of 1* order transition. So the ferromagnetic
ordering is accompanied by a sort of 1* order transition. An interesting observation is
also the fact that comparing the ZFC and FCW data both measured on warming there is
no crossover of the curves anymore and a hysteresis appears starting at ~ 200 - 210 K
when the high temperature hump ends.

Field variation on ground inside glove box samples. In a subsequent step we
tried to examine the transition’s dependence on the applied field. Only the FC and FCW
modes were measured for this experiment with applied fields of 50, 150, 250 and 500 G,
Figure 4-19(B). The previous data measured at 1 kG are also plotted again. The data
collected at 50 G are generally noisy with very weak moment and there is no obvious
transition besides a small hump in between roughly 50 and 150K. When the external field

1** order type, transition

was increased to 150 G, seemed to be enough to induce the main,
at the temperature range of ~ 30 -150 K. Furthermore, the high temperature feature at 200
— 235 K appears more enhanced comparing to the data collected at 1 kG and the overall
susceptibility values are larger. The data measured with 250 G field gave the same
picture with a slightly increased yr, values. When the field was raised to 500 G however,
both features at 30 — 150 K and at 200 -235 K started losing in intensity. And then finally,
at 1 kG the overall susceptibility is much lower. From this experiment we conclude that

both features seem to be field induced and they depend on the strength of the applied

field.
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Figure 4-19. Temperature dependence of the molar susceptibility y, of a ground sample
of YbAuln of (A) ZFC, FC and FCW modes at 1 kG field (slow / fast cooling) and (B)
curves in (A) and additional FC / FCW modes at 50, 150, 250 and 500 G fields.
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Pressed pellet. The last measured ground sample was also pressed into a pellet
and part of the pellet was measured with 1 kG applied field and with fast cooling rate.
The thermal variation of the susceptibility of the pellet is given in Figure 4-20. The
corresponding 1 kG data from Figure 4-19 are also plotted for comparison. As in the case
of the pellet sample for the Yb3AuGe;In; compound (Figure 4-13), besides the decrease
in the susceptibility values, there was no significant change in behavior, comparing to the
data before the sample was pressed into pellet. The only qualitative difference that can be

observed is that the ZFC curve does not crossover the FC curve significantly any more.
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Figure 4-20. Temperature dependence of the molar susceptibility y, of a ground sample
of YbAuln and after pressing it into a pellet for ZFC, FC and FCW modes at 1 kG
applied field and after fast cooling.
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Unground specific oriented pieces. After investigating the magnetic behavior of
YbAuln for ground samples (outside and inside the glove-box) and random pieces the
next logical step was to try to align some pieces into a specific orientation. For the
following measurements a big compact piece was chosen as a base, and a few more
crystals were placed on top of it with the help of a thin layer of high vacuum grease. The
pieces were oriented so that the c-axis was parallel to the applied field. It should be noted
here, that even though care was taken so that the selected compact pieces were consisted
of mainly parallel aligned crystals, however within those pieces some variation of the
crystals orientation did exist. In other words, the chosen orientation was achieved only in
an approximation. Additionally, although the whole composite of the big and smaller
pieces was tightly packed inside a gelatin-cup, small movement of the smaller pieces
during the various measurements cannot be completely excluded. Magnetic susceptibility
measurements for the composite sample were performed for various fields, as well as
magnetization measurements at multiple temperatures for both fast and slow cooling
rates. These conditions were the same as for the ones described for the previous
measurements included in Figures 4-17 — 420.

Slow / fast cooling. Figure 4-21 shows the temperature dependence of the molar
magnetic susceptibility ym(7) of the YbAuln oriented pieces with applied fields of 1 and
5 kG for both fast and slow cooling profiles. Both ZFC and FC modes were measured. As
it can be seen more clear in the inset, which contains only the low temperature data, an
apparent ferromagnetic like transition appears only for the slow cooling rate for both
measured fields of 1 and 5 kG, that starts at ~ 70 and 80 K, respectively. Significant

divergence between the ZFC and FC data also occurs after the onset of the transition. The
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1 kG data under fast cooling, even though they exhibit a small hysteresis between the
ZFC and FC curves below ~ 65 K there is no obvious and sharp transition. A possible
weak and broad transition that could start taking place at 65 K could be hindered by the
peak at 60 K, which also appears in all the measurements, and is due to an artifact of the

PPMS magnetometer used for the experiment.

T T T v v
0.35 e ey "
0.16 |- ’ * 1, (IKG fast)
0.3 o e f
. 0.12fF H gl
=~ 025k _\{ #: * 7 (5kG slow) | 4
) 5 J z m
= 0.8}, . . | ° x_(5kG fast)
s *
E . ? .. {:[tl‘ ..‘.... - ﬂ
0. iﬂ«,ﬂ ’0..,...0..... 4
2. 0.15 2‘0 0.04 LY '°0...‘A{7h”"”111m1 K i
=} : .”00“0000000000" /
% o

Figure 4-21. Temperature dependence of the molar susceptibility yy, of YbAuln of a
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applied fields of 1 and 5 kG for fast and slow cooling temperature rates.
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Magnetization at various temperatures for slow / fast cooling. Magnetization
measurements for the same sample at various temperatures and for both slow / fast
cooling are given in Figure 4-22. For the temperatures of 2 and 65 K that are measured
for both cooling rates we see different response of the moment with the field for each
cooling rate. The slow cooling magnetization curve at 2 K increases gradually with the
applied field and does not seem to saturate up to 50 kG, where it reaches a magnetization
value of 0.25 ug / mol. On the other hand in the fast cooling corresponding curve, we see
a decrease in the overall moment value and much weaker field dependence, while a field
of about 40 kG is enough to start saturating the moments. At 50 kG the magnetization
reaches the very small value of 0.068 ug/ mol. The fast cooling curve at 40 K, which is
below the ferromagnetic transition seen in the susceptibility data, shows a small increase
of the moment until ~ 2.5 kG and then it stays roughly unchanged with a very small
overall moment. Similar picture is observed for the fast cooling data at 100 K, which is
above the transition. A weak field dependence until 2 kG is followed by a slightly
decreasing moment, which after 5 kG it has a negative value. The slow cooling
magnetization data at 65 K, which is within the transition temperature range, exhibits an
evident hysteresis loop confirming the ferromagnetic transition observed in the
susceptibility data. Additionally, in the increasing field cycle only there seems to be a
metamagnetic like transition at ~ 16 kG where the moment starts showing a stronger field
dependence, with no signs of saturation up to the highest attainable field, where it reaches
a value of 0.23 ug / mol. In the fast cooling data at 65 K even though the overall

magnetization is much smaller than the slow cooling one, there is still a hysteresis loop
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between increasing and decreasing field curves. The magnetization at 50 kG is only 0.039

up/ mol, with no observed saturation.
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Figure 4-22. Comparison of fast/slow cooling magnetization data at various temperatures
for the YbAuln sample of compact pieces with crystals approximately oriented with c-

axis parallel.

Magnetization at various temperatures for slow cooling. Complementary field
dependent magnetization measurements for the same sample were performed for only the
slow cooling rate at additional temperatures, see Figure 4-23. The 2 K data show again a
gradual increase of the moment with the field and no saturation up to 70 kG, where it

reaches a value of 1.4 ug / mol. At 10 K the magnetization increase linearly with the
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applied external field and reaches a value of 0.52 ug / mol at 56 kG. The magnetization
measured at 20 K even though it still responds linearly to the field, surprisingly it reaches
higher overall values with almost 1 g/ mol at 56 kG. The magnetization curves at the
next two temperatures of 30 and 40 K show very small positive or negative values of
moment and stay roughly stable, within the sensitivity of the instrument, up to the highest
applied field. When the temperature was raised to 50 K, the magnetization started
reaching higher positive values with linear response to the field and got a value of 0.38 up
/ mol at 56 kG of applied field. At 65 K data were collected for a complete cycle, with the
field going from positive values to negative ones (not all data included in the plot) and
then back to positive. At this temperature a hysteresis loop appears for the positive
region of fields, while noticeably after the negative fields region when the field was
switched back to positive values the magnetization data did not coincide with the ones
collected the first time of positive applied fields. It is worth mentioning at this point,
when comparing with the data plotted in Figure 4-22 for the same temperatures the
absolute magnetization values are not the same for the same applied fields. This could be
possibly due to some sort of a “memory effect” that could arise from the history
preceding every measurement, meaning the temperature, the cooling rate and the highest

applied field that was used.
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Figure 4-23. Comparison of slow cooling magnetization data at various temperatures for
YbAuln sample of compact pieces with crystals roughly oriented with c-axis parallel to

applied fields.

From all the measurements described above, we have seen some intriguing
features in the magnetic properties of both YbsAuGe;In; and YbAuln compounds. For
both compounds there are some remarkable differences in the magnetic response among
samples consisting of random or oriented crystals and ground samples for which the
grounding process was carried out in the open air or in a inert atmosphere of N, filled
glove-box. The open air ground samples seem to be paramagnetic with a characteristic

hysteresis between ZFC and FC data. On the other hand, the inside the glove-box ground
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samples exhibit surprisingly a ferromagnetic transition and for most samples the onset of
the transition is followed by an unﬁsual ZFC curve crossover of the FC one. This
behavior is fully reproducible and it has been observed by measurements performed in
various samples and instruments. Furthermore, the strength of the grinding process seems
to play a role in the overall amount of the measured magnetic moment. Additionally, the
temperature rate of the initial cooling from room temperature down to 2 K as well as
during collection time proved to play a decisive rolein some cases for the occurrence of
the ferromagnetic transition or the temperature that takes place. Unfortunately, at this
point we are not able to fully understand and explain the magnetic behavior of the two
compounds. Further study of this behavior, with the help of additional experimental
techniques are necessary in order to clarify the observed properties.

However, we could perhaps speculate on two possible explanations. In one of
them, the two Yb-based compounds would exhibit a flexible and fluctuating Yb valence
state, and the application of strain and/or pressure by the grinding process could perhaps
induce an increase in the Yb’*/Yb®" ratio that would lead to a new magnetic phase.
Alternatively, the two systems could be some sort of dilute spin systems, in which the
few existing spins intrinsically are dispersed throughout the crystal and they are not able
to see each other, in order to lead in any kind of magnetic ordering, thus behaving as
paramagnets. In this case the application of strain and/or pressure could not necessarily
lead to an increase of the Yb** component, but instead force the spins to accumulate in
small areas, forming small ferromagnetic domains. In those domains the more

concentrated spins could perhaps be able to see each other with the application of a field,
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thus leading to a ferromagnetic ordering. Figure 4-24, gives a hypothetical schematic

picture for the second suggested theory.

[l Kagome laftice of Yb atoms '

Dilute paramagnet Ferromagnetic domains

Figure 4-24. Schematic picture of the hypothetical accumulation of spins forming small
ferromagnetic domains.
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Tables 4-5 and 4-6 summarize the main features observed in the magnetic measurements

for Yb3;AuGe;In; and YbAuln, correspondingly.

Table 4-5. Summary of the magnetic behavior for various samples of Yb3;AuGe;In;.

Sample type ZFC/FC | Magnetic Slow / fast cooling | Grinding
P P hysteresis | behavior rate effect strength
gir:mnd ih open yes Para- not tested not tested
. stronger
ground in yes, t.n?low Ferro- very slow rate grinding —>
glove-box transition higher transition T | >.
higher moment
random crystals | yes Para- Slow — higher u.s
oriented crystals Para- (low T)
(H/fc) no Diam- (high T) | 1%t tested
oriented crystals
es Para- not tested
Mo d

Table 4-6. Summary of the magnetic behavior for various samples of YbAuln.

Magnetic Slow / fast cooling Grinding
Sample type behavior rate effect strentgh
ground in open air Para- not tested not tested
stronger
ground in glove-box Ferro- Not big difference grinding —
higher moment
random crystals Para- Not big difference
Only slow shows
. Ferro- clear transition &
oriented crystals (H // c) Para- big difference in

magnetization data
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XANES Measurements at Ambient Pressure:

To further probe the Yb valence state in Yb3AuGe;In; and YbAuln we performed
X-ray absorption measurements at the Yb Ljj-edge. The near-edge spectra for both
compounds obtained at temperatures of ~15 - 18 K and 300 K and at ambient pressure
showed no significant difference between the two temperatures, suggesting that the Yb
valence remained stable in the measured temperature range. The spectra at 295 and 300 K
(room temperature) for Yb3;AuGe;In; and YbAuln, respectively, are given in Figure 4-25.
The main absorption peak (white line resonance) of the spectrum for both spectra is
centered at ~8941.5 eV, which is attributed to divalent Yb atoms.*** The spectra also
revealed the presence of weaker feature (shoulder) at ~8949.5 eV, indicating that some
trivalent Yb is also present.***¢ Since in both compounds under study there is only one
unique crystallographic Yb site (as determined by the time scale of diffraction), there
could be two plausible scenarios; one in which Yb3;AuGe;In; and YbAuln could be
classified as an intermediate valence (//) compounds with all Yb atoms having a non-
integer valence, and a second where the materials are heterogeneous mixed-valence (MV)
compound, in which the Yb atoms alternate between 2+ and 3+ state in various unit cells
in the lattice.

The relative amounts of the two electronic configurations were determined by
decomposing the normalized Yb XANES into a pair of arc-tangents (representing the
edge step) and Lorentzians functions (representing the white line resonance). Fitting of
the data with the above technique for Yb;AuGe;ln;, resulted in ~ 85.2% of Yb** and ~
14.8% of Yb>* which leads to an average Yb valence of ~ 2.15. For YbAuln, similar

analysis led to an average Yb valence of ~ 2.22. In the case of the YbAuln however,
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while majority of the Yb is present in the intermetallic state, a careful inspection and
analysis of the EXAFS indicates that the sample might also contain ~ 3 - 5% trivalent
oxide impurity component. Taking into account the possible presence of an oxide
component we determine the intrinsic valence of Yb in YbAuln to be ~ 2.17. Within the
accuracy of the EXAFS technique the Yb3AuGe;In; sample did not show any noticable
oxide component. We estimate the uncertainty in the absolute valence to be ~ 5%, arising
mainly from correlations between parameters used to represent the edge-step and white
line resonances. The Yb>* fraction for Ybs;AuGe,In; is consistent with that estimated

independently from the magnetic measurements described above.
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Figure 4-25. L;;; absorption edge spectra of Yb in Yb;AuGe;In; at 295 K (dashed line)
and in YbAuln at 300 K (solid line).
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Magnetotransport measurements:

The Yb3AuGe;In; compound is clearly metallic. The temperature variation of the
electrical resistivity o(T) of Yb;AuGe;In; between 2.48 and 302.3 K is presented in
Figure 4-26. The resistivity data measured on single crystals along the c-axis and at zero
applied field reveal metallic conductivity with a room temperature resistivity value
P(300K) of 39.6 uQ2 cm. When a magnetic field of 6 Tesla was applied the compound
showed no magnetoresistance as it can be seen from the inset in Figure 4-26. In the
measured temperature range, the resistivity of Yb3;AuGe;,In; can be well described by the

Bloch — Griineisen — Mott formula:®'

p(T)=py +4R@D[ J KT’ (1)

I (e* - l) (l e ™)

where oy is the residual resistivity, the second term represents electron-phonon
scattering, and the third term accounts for Mott’s s-d interband electron scattering. The
least-squares fitting procedure of (1) yielded the parameters o = 29.08 uQ cm and a
Debye temperature &p = 166 K, which is in good agreement with the & value that was
estimated from the specific heat results (see below). The relatively low @ is consistent

with the presence of heavy atoms in the structure and suggests a soft lattice.
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Figure 4-26. Temperature variation of the electrical resistivity p(T) of YbsAuGe;,In; from
2.48 to 302.3 K. The dashed line is a fit of the experimental data (squares) to the Bloch —
Griineisen — Mott formula (2). The inset displays the p(7) data for zero applied field
(empty squares) and for 6 T applied field (solid trigons) for T <100 K.

The temperature dependent data of the electrical resistivity o(T) of YbAuln
measured between 4.2 and 274.3 K and at zero applied field, are given in Figure 4-27.

The resistivity data measured on crystals along the c-axis reveal a rather moderate
metallic behavior with resistivity value p(274.3K) of ~ 433 uQ cm. Attempts to describe
the o(T) data of YbAuln with the Bloch — Griineisen — Mott formula (1) did not result in

a successful fit, in contrast with the Yb3;AuGe;In;. An extra term to the formula perhaps

could be required to achieve a good description of the resistivity data for YbAuln.
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Figure 4-27. Temperature variation of the electrical resistivity o(7) of YbAuln from 4.2
to 274.3 K and at zero applied field.

The temperature dependence of the thermoelectric power (TEP) of YbsAuGe;In;
was measured in the temperature range of 310 — 700 K, Figure 4-28. During the whole
temperature range TEP has negative value with a magnitude of -3 uV / K at room
temperature (310 K). The negative sign of thermopower, is suggestive of the intermediate
valence state of the Yb atoms in Yb3AuGe;In; and agrees with the negative TEP observed
in most of the Yb-containing mixed- or intermediate-valent compounds as in YbCuGa®>

and YbNi,Si® for example.
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Figure 4-28. The temperature dependence of the thermoelectric power (TEP) of
Yb3AuGe;In; measured in the temperature range of 310 — 700 K

Heat Capacity Measurements:

The temperature dependent specific heat from 1.8 to 50 K for Yb;AuGe;ln; is
shown in Figure 4-29. The data can be described well by a Debye function (2) where the
first and second term correspond to the electronic and the phonon contribution,

respectively. N is the number of the atoms in the formula unit and x = hw/kgT.

3 e 4
T] T de -KT3 (2)

Cpmz}’T'i' 9M(@—D (e"_l)?

A fit to the experimental points resulted in a Debye temperature @ of about 178

K, and an electronic specific heat coefficient 7 ~ 31 mJ / mol K2, which was determined
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from y (= Cp, / T)1-50 at low temperatures. Therefore the compound does not appear to be
a heavy-fermion material according to the arbitrary classification of these compounds
into “light”, “moderate” and classical heavy-fermions with y values lying in the range of
~ 50-60, 100-400 and > 400 mJ / mol K? respectively. Nevertheless, this value of
electronic specific heat compares well with the ones found in other mixed valent or
intermediate compounds such as the YbA12,94 YbAl;,q5 YngCu4.30 YbNisSi,” and

YbInAu,”® in which yranges at 15 — 62 mJ / mol K>.
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Figure 4-29. Heat capacity (Cp;) of Yb3AuGe,In; measured from 1.8 to 50.3K. The
experimental data (circles) are fitted with Debye formula (2) (solid line).
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The temperature dependent specific heat data measured at a temperature range of
1.8 to 50 K for YbAuln are shown in Figure 4-30. The data can be also described well by
the Debye function (2). A least-square fit to the experimental points resulted in a Debye
temperature € of about 156 K, and an electronic specific heat coefficient y ~ 84 mJ /
mol K?, which was determined from 7 (= Cp / T)150 at low temperatures. According to
the arbitrary classification of the heavy-fermion compounds mentioned above, YbAuln

could be classified as “light” heavy-fermion material.
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Figure 4-30. Heat capacity (Cp) of YbAuln measured from 1.8 to 50.3K. The
experimental data (circles) are fitted with Debye formula (2) (solid line).
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4-4. Conclusions

Single-crystals of the new Yb based quaternary compound, namely Yb3;AuGe;In;
were grown using an excess of indium as a flux. The flux seems necessary to stabilize
this compound since direct combination reactions failed to produce the new phase.
Yb3AuGe;In; forms in the hexagonal space group P-62m as an ordered variant of the
YbAuln structure. YbAuln was also synthesized for comparison of the structure and
measured properties. A modified Curie-Weiss fit to the magnetic susceptibility data gave
an estimated effective moment of 0.52 ug  which is ~ 11% of the value expected for the
free-ion Yb**, 4.54 ug. This indicates that the compound contains both Yb** and Yb**
atoms. In order to clarify this XANES studies were also performed which resulted in
85.2% of Yb>* and 14.8% of Yb’" leading to an average Yb valence of 2.15. The unique
crystallographic Yb site in the structure suggests two hypotheses in which Yb3;AuGe;In3
could be an (/7) compound with all Yb atoms having a non-integer valence or that the
material is a heterogeneous (MV) compound, in which the Yb atoms alternate between 2+
and 3+ state in various unit cells in the lattice. As already stated above, magnetic
measurements on various types of samples for both compounds, exhibited significant
dependence on the form of the measured sample and other experimental conditions.
Random or oriented‘single crystals samples and samples ground in open air or inside a
glove-box, differ remarkably in their magnetic response and vary from being
paramagnetic to exhibit ferromagnetic ordering. The intriguing magnetic properties
observed for the two compounds are not yet fully understood, although two possible
explanations have been suggested. Future work with additional experimental techniques

such as neutron diffraction experiments and detailed magnetic measurements under
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pressure, are required to further elucidate the reason behind these properties.
Nevertheless, our magnetotransport measurements revealed a metallic nature of the
compound and negative thermopower which is a common feature of mixed valence Yb
compounds. Finally, the heat capacity measurements excluded a heavy-fermion behavior

of the material.
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CHAPTERSS
CeAuGeln and EuAuGeln;: New Quaternary Intermetallics Grown
from Indium flux
PART 1. Synthesis and Characterization of CeAuGeln: Exhibiting

Complicated Magnetic Structure

5-I-1. Introduction

Intermetallic compounds of the ternary systems RE/TM/X (RE = rare earth metal,
TM = transition metal and X = p-block element) include numerous new intermetallic
phases that exhibit rich structural variety'? and interesting physical properties® and have
been extensively investigated in the last few decades. Particularly, intermetallics of Ce,
Yb and sometimes Eu continue to attract much experimental and theoretical interest
owing to a large variety of unusual ground states that often lead to remarkable electrical
and physical properties.’* It is generally believed that, the stability of different ground
states depends strongly on the hybridization (interaction) strength between the magnetic
4f electrons and the conduction band electrons.’” The intriguing physical phenomena that
particularly Ce-based compounds often exhibit include heavy fermion (HF) systems,"”

superconductivity and their coexistence,” ambient and pressure induced

15,21 821 and

superconductivity,'?° kondo lattices, magnetic ordering with low
anomalously high ordering temperatures,” mixed valence (MV) or valence fluctuating
behavior,”*? and non-Fermi-liquid (NFL) behavior.?"®® A recent review includes a series
of experiments performed on strongly correlated electron phenomena in f-electrons

materials in the past few decades.”
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The reason for such diversity in ground states that lead to these phenomena is a
delicate interplay between two competing mechanisms: the long range Ruderman-Kittel-
Kasuya-Yosida (RKKY) indirect interactions and the Kondo effect.’®? These two
mechanisms are mainly governed by the strength of the 4/ - conduction electrons
hybridization, measured by the exchange integral Jxr. For low Jkf values, the RKKY
interaction dominates and thus long-range magnetic ordering (LMO) of the localized Ce
magnetic moments can occur (with magnetic ground state (GS) characterized by the
temperature Trkky). For higher Jir values on the other hand, the Kondo interaction leads
to the suppression of Ce 4f moments resulting in a nonmagnetic (GS), with a
characteristic temperature Tx. Finally, for large Jkr, an intermediate-valence (/V) state is
expected, in which the f electrons are only partially localized. Heavy-fermion (HF)
behavior is often observed at the borderline between the (LMO) and (/V) regions.

In a recent review, it has been demonstrated that molten metal fluxes, particularly
Al and Ga, are excellent preparative tools for the exploratory synthesis of new
intermetallic compounds.® After our own successful work with Al and Ga fluxes in the
systems RE/TM/AU/Si or Ge and RE/TM/Ga/Ge or Si,***® we have lately extended this
work to include molten In as a solvent in analogous systems.**™*® Our early investigations
in the scheme RE/TM/In/Ge indicated that, as in the case of Ga/Si system, it is difficult to
readily produce quaternary phases. However, under careful control of the experimental
conditions we have been able to isolate a number of novel quaternary phases which
include the RE4NizlnGe4,45 RE;Co4InGe;,*® Dy,ColnGes and Yb3;AuGe;In; which are

described in Chapters 3 and 4, respectively.
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After the rich chemistry revealed by the thorough examination of the ternary
RE/Aw/In system® and in combination with the intriguing magnetic properties exhibited
by the Yb;AuGe;In; compound (P-62m space group, YbAuln structure type, see Chapter
4) and the various remarkable physical phenomena observed in many Ce and Eu
intermetallics, we explored the systems Ce(Eu)/AwGe/In. Interestingly, none of them
resulted in an analog of the Yb3;AuGe;In; phase, but instead the substitution of the Yb
metal by Ce and Eu led to the new quaternary phases of CeAuGeln and EuAuGeln;. Each
of the two new compounds crystallizes in a different structure type, however as it will be
described below are closely related. Here we present the CeAuGeln, grown from In flux
which crystallizes in the orthorhombic space group Cmcm with the CeNiSi; structure
type.’**! The synthesis, crystal structure, and the study of the magnetic properties,
electrical resistivity and X-ray absorption near edge spectroscopy (XANES) are reported.
These studies suggest that in CeAuGeln the Ce atom exists in a trivalent state that leads
to both antiferromagnetic and ferromagnetic ordering of the Ce®* magnetic moments. The
synthesis and characterization of EuAuGeln, will be described in the second part of this

chapter.

5-1-2. Experimental section
Reagents:

The following reagents were used as purchased without further purification: Ce,
(in the form of powder ground from metal lump, 99.9% Atlantic Equipment Engineers,

Bergenfield, N.J.), Au (pieces, 99.9% Alfa Aesar, Ward Hill, MA), Ge (~100 mesh,

170



99.999% , Cerac, Milwaukee, WI) and In (tear drops 99.99% Plasmaterials, Livermore,

CA).

Synthesis:

Method A. CeAuGeln was obtained by combining 3 mmol of the cerium metal, 2
mmol gold, 3 mmol germanium and 15 mmol In in an Al,0O; (alumina) crucible under an
inert nitrogen atmosphere inside a glove-box. The crucible was placed in a 13 mm fused
silica tube, which was flame sealed under vacuum of 10™ Torr, to prevent oxidation
during heating. The reactants were then heated to 1000 °C over 12 h, maintained at that
temperature for 5 h to allow proper homogenization, followed by cooling to 850 °Cin2 h
and held there for 48 h. Finally, the system was allowed to slowly cool to 50 °C in 48 h.
The reaction product was isolated from the excess In flux by heating at 350 °C and
subsequent centrifugation through a coarse frit. Any remaining flux was removed by
immersion and soniqation in glacial acetic acid for 48 - 72 h. The final crystalline product
was rinsed with water and dried with acetone. This method produced the target
compound with ~ 85 — 90 % purity and in a yield of ~ 85 % based on the initial amount
of Ce metal used in the reaction. Main side products were small amounts of CeAu,In,*®
compound and unreacted In metal. CeAuGeln crystals form as sort of compressed on one
direction rectangular prisms (or cuboids), with some elongated into a rod-like shape, and
in the majority they tend to grow together in layers forming irregular shaped disk-like (or
platelet-like) compact pieces, see Figure 5-I-1. Several pieces and single crystals were
carefully selected for elemental analysis, structure characterization, and the physical

measurements reported here.
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Method B. CeAuGeln was also obtained by combining 6 mmol of the cerium
metal, 2 mmol gold, 4 mmol germanium and 20 mmol In in an Al,O3 (alumina) crucible
under an inert nitrogen atmosphere inside a glove-box. The crucible was placed in a 15
mm fused silica tube, which was flame sealed under vacuum of 10 Torr, to prevent
oxidation during heating. The reactants were then heated to 1000 %C over 12 h,
maintained at that temperature for 24 h to allow proper homogenization, followed by
cooling to 850 °C in 2 h and held there for 48 h. Finally, the system was allowed to
slowly cool to 50 °C in 48 h. Under the same heating profile reactions with the reactants
ratio used in method A were also performed. This method produced more rod-shaped
crystals (and slightly longer) but the yield in the target phase was reduced since
additional byproducts were found. Besides the CeAu,Ins compound, additional phases
were formed which EDS analysis gave as roughly Ce,3AusGeilns ¢ needles and very

small amounts of Auln; polyhedra and CesAu,Ge, thin plates.

Elemental Analysis:

Semi-quantitative microprobe elemental analysis was performed on several
crystals of the compound using a HITACHI MODEL S-2700 Scanning Electron
Microscope (SEM) equipped with a light-element window Noran System Six EDS
detector, at the Materials Science Division (MSD) facilities at Argonne National
Laboratory (MSD). Data were acquired by applying a 20 kV accelerating voltage and an
acquisition time of 1 min. The EDS analysis gave an average atomic composition of 23 %
Ce, 23 % Au, 28 % Ge and 26 % In, which is in very good agreement with the single

crystal X-ray diffraction results.
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X-ray Crystallography:

The X-ray intensity data were collected at room temperature using a STOE IPDS
2T (with additional capability of 26 swing of the detector) diffractometer with graphite-
monochromatized Mo Ka (1 = 0.71073 A) radiation. The X-AREA (and X-RED and X-
SHAPE within) package suite’> was used for data extraction and integration and to apply
empirical and analytical absorption corrections. The structure of CeAuGeln single
crystals were solved by direct methods and refined with the SHELXTL package of
programs.”® A stable refinement was accomplished only in the hexagonal space group
Cmcm. The initial refinement resulted in R, / wR; values (all data) of 0.0429 / 0.08854
which suggest satisfactory refinement, but the U anisotropic displacement parameter
was too low for all atoms, with values of 0(1) / 1(1) / 2(1) / O(1) for Au/ Ce / In / Ge,
correspondingly. Additional crystal symmetry was not suggested when the PLATON-

* was performed. Attempts to

Addsym application of the WinGX package software,’
perform only analytical absorption corrections (without face indexed absorption
corrections) through XABS application of WinGX package software did not help the U*
parameters. The U** values improved when some small, probably wrong faces were
removed from the crystal description and consecutively successful face indexed
absorption corrections were applied. The face corrections resulted in better R, / wR; and
U? values in the following tables. The final data collection and structure refinement
details are given in Table 5-I-1. The final atomic positions, equivalent isotropic

displacement parameters and anisotropic displacement parameters are listed in Tables 5-

I-2 and 5-1-3.
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Table S-1-1. Crystal data and structure refinement data for CeAuGeln.

Empirical formula CeAuGeln
Formula weight 1048.99
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group Cmcm
a(A) 4.3215(9) a=90°
b(A) 19.176(4) B =90°
c(A) 4.4259(9) y=90°
v(AY/z 366.77(13) / 2
Densitycaic (Mg/m’) 9.498
Absorption coefficient (mm-l)/ F(000) 66.101/872
0 range for data collection (°) 4.84 t0 34.38

-6<h<6
Index ranges -30<k<29

-7<1<6
Reflections collected / unique / R(int) 2332/ 463 / 0.0893
Completeness to 6 (%) 98.7
Data / restraints / parameters 463/0/18
Refinement method Full-matrix least- squares on F2
Goodness-of-fit on F2 1.231
Final R indices [>20(])] (R, / wRy)"  0.0372/0.0736
R indices (all data) (R, / wR;)" 0.0386 / 0.0740
Extinction coefficient 0.00124(17)

Largest diff. peak and hole (e. A™) 4.010 and -4.224

2

aRl =z1|Fo|'|FcII/Z1Fo|; wR; =[ZWHF0|'|FCI}2/Z"'1FO'2} ;W=1/0‘2ﬂF0|}
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4
Table 5-I-2. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10 ) for CeAuGeln.

Atom Wyckoff  x y z U(eq)a
Ce 4c -5000 948(1) -2500 7(1)
Au 4c 0 1597(1) 2500 9(1)

In 4c 0 2484(1) -2500 8(1)
Ge 4c 0 310(1) 2500 12(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 5-1-3. Anisotropic displacement parameters (A2 X 103) for CeAuGeln. The

2 2 2 11
anisotropic displacement factor exponent takes the form: -2n[ha* U +

12
+2hka*b*U ]

Atom Ull U22 U33 U23 Ul3 UIZ
Ce 6(1) 7(1) 9(1) 0 0 0
Au 10(1) 6(1) 11(1) 0 0 0
In 6(1) 9(1) 8(1) 0 0 0
Ge 19(1) 5(1) 10(1) 0 0 0

175



Magnetic Measurements:

Magnetization measurements for CeAuGeln were conducted using a Quantum
Design PPMS magnetometer at Materials Science Division (MSD) facilities at Argonne
National Laboratory (ANL). For these measurements crystals of CeAuGeln were soaked
in glacial acetic acid and soniqated for 24 — 48 hrs, washed out with dried acetone and
dried under the flow of nitrogen. Subsequently, crystals were loaded randomly without
grounding into gelatin capsules, mounted in a plastic straw and affixed to the end of a
carbon fiber rod. Temperature dependence data were collected between 2 and 300 K, for
both zero field cooled (ZFC) and field cooled mode (FC) with applied fields of 0.3 and 1
kG. A typical measurement consists of initial cooling from room temperature (300 K)
down to 2 K with no applied field, then the selected field is turned on and the ZFC data
are collected on warming, followed with the collection of the FC data on cooling back to
2 K and with the applied field still on. Field dependent magnetic measurements were
acquired at 2, 8, 11 and 60 K with field sweeping from 0 up to 62 kG.

Additional low field magnetic measurements were performed with a commercial
Low field SQUID magnetometer,55 located also in the MSD facilities of ANL, in the
temperature range of 1.3 - 35 K, with applied fields of S and 50 G for ZFC and FC
modes. In a typical measurement the temperature from 35 K is cooled down to 1.3 K
under zero field. Then the field is turned on and the ZFC data are collected on warming.
Consecutively, the temperature is cooled down to 1.3 K with the field on and then the FC
data are also measured on warming. For these measurements, a piece consisting of

parallel in approximation grown crystals was aligned with the b-axis parallel and normal
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to the external applied field to examine possible magnetic anisotropy in the measured

system.

Resistivity:

For CeAuGeln electrical resistivity was determined using a four probe technique
in a standard '4He gas flow cryostat, at Materials Science Division (MSD) facilities at
Argonne National Laboratory (ANL). Heating was avoided by reducing the current, and
hysteresis, caused by slight thermometer - sample temperature differences, was avoided
by sweeping the temperature slowly. More detailed experimental description can be
found elsewhere.*® Data points were taken during the cooling cycle from 108 K to 1.58

K.

X-ray absorption near edge spectroscopy (XANES):

X-ray absorption near edge spectroscopy (XANES) experiments were performed
in Sector 20, bending magnet beamline (PNC/XOR, 20-BM) of the Advanced Photon
Source at the Argonne National Laboratory, IL, USA. Measurements at the Ce L;;;-edge
and at ambient pressure were performed in the transmission mode using gas ionization
chambers to monitor the incident and transmitted X-ray intensities. Monochromatic X-
rays were obtained using a Si (111) double crystal monochromator. The monochromator
was calibrated by defining the inflection point (first derivative maxima) of Cr foil as 5989
eV.%” A rhodium-coated X-ray mirror was utilized to suppress higher order harmonics.
The CeAuGeln samples were prepared by dusting finely ground samples on Kapton tape

and stacking around 4 layers together. Sample preparation procedures were carried out
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inside a glove box environment. Measurements were performed at a range of
temperatures from 16 K to 300 K using a closed cycle refrigerator. Data reduction and
analysis were performed using the Athena software developed by Newville and Ravel.*®

Care was taken to minimize thickness effects in the measurements.

5-1-3. Results and Discussion
Reaction Chemistry:

The compound CeAuGeln was first discovered in a reaction that was initially
designed to form the Ce analog of the Yb;AuGe;In; phase, described in Chapter 4. This
result, reinforces and generalizes the suggestion made in Chapter 2 where we saw that
only a few RE atoms formed the RE;Co4InGe,; phase that, the size of the rare-earth
cations likely plays a decisive role for the formation of generally quaternary phases in the
system RE/TM/Ge/In, when the In-flux method is used. Furthermore, the synthesis of
CeAuGeln is yet another example which demonstrates the ability of liquid In to act as a
reactive flux in reactions containing group 14 elements. Nevertheless, CeAuGeln crystals
form as a sort of compressed rectangular prisms (or cuboids), with some being elongated
into a rod-like shape, apd in the majority they tend to grow together in layers forming
irregular shaped disk-like (or platelet-like) compact pieces. Main reaction byproducts
were unreacted In flux and small amounts of mainly clustered needles of CeAu;lng
compound*® which, due to their very different crystal morphology were easily
distinguishable. Figure 5-I-1 shows scanning electron micrographs of typical single

crystals as well as aggregates of CeAuGeln crystals.
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Figure 5-I-1. Scanning Electron micrograph (SEM) images of flux-grown single crystals

as well as aggregates of CeAuGeln crystals.

Structure:

The new intermetallic CeAuGeln compound, crystallizes in the orthorhombic
space group Cmcm with the CeNiSi, structure type.”””' CeAuGeln is an ordered
quaternary variant of this ternary phase, with the Ce and Au atoms occupying the Ce and
Ni positions, respectively, and In and Ge adopting the Si sites. The overall structure of

CeAuGeln as viewed down the ag-axis is illustrated in Figure 5-1-2. The bonds to the Ce
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atoms were omitted to emphasize the three-dimensional (3D) [AuGeln] framework and
its channels. In CeAuGeln, all of the Ce, Au, In and Ge atoms are located in alternating
layers stacked along the along b-axis in the sequence: Ce-Au-In-Au-Ce-Ge-Ge-Ce-Au-
In-Au-Ce. The structure can also be described as an intergrowth of distorted PbO- and

CrB-type layers,5 9-62

(see Figure 5-1-2) with the Ce atoms residing within the channels
formed by the connection of the two layers, see Figure 5-1-3. Detailed descriptions of the
two structural fragments are given below.

The distorted PbO-type slab contains the Au and In atoms. In this, the
tetrahedrally coordinated (by 4 Au atoms) In atoms form a 2-dimensional (2D) quadratic
sheet that extends in the ac-plane (see Figure 5-1-4(A),(C)) and is capped by Au atoms
alternatively above and below this plane (Figure 5-1-(C)), thus forming a puckered
overall layer, see Figure 5-1-4(B). There are two different Au-In bonds. The longer one is
at 2.7912(8) A and the shorter one is at 2.7884(8) A. Both distances are slightly shorter
than the sum of the covalent radii of 2.85 A (Ras + Rin),®® indicating strong Au-In
interactions within the layer. The Au-In bonds in CeAuGeln seem to be stronger than the
Au-In bonds (at 2.8634(13) A) found in the quaternary Yb;AuGe;Iln; compound,
described in chapter 4, and which was formed under similar reaction conditions when the
employed RE was Yb. The Au-In bonds however, agree well with other Ce containing
intermetallic compounds as in Ce,AusIns® and CeAu,Ing*® for example.

The CrB-type layer is composed of Ce and Ge atoms in the Cr and B positions,
respectively. In this, the Ge atoms form one dimensional (1D) zigzag chains propagating

along the c-axis, Figure 5-1-2. The Ge — Ge bonds are at 2.5127(16) A which is slightly

longer than the Ge — Ge distances found in the elemental diamond-like Ge structure (2.45
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A). Nevertheless, this distance compares well to other Ge — Ge bonds found in
intermetallics as the ones in B-RENiGe,,** which average at 2.495 A and in
RE4Ni InGes* at 2.490 A but they are shorter than the ones found in the isostructural
CeNiGe,® which range at 2.543 - 2.984 A.

The In square sheets and Ge zigzag chains, described above, are bridged by the
Au atoms along the b-axis thus building the 3D [AuGeln] open framework. The
connection of the two layers creates channels that extend down the c-axis, and each of
them accommodates a pair of Ce columns, see Figure 5-1-3. The connection of the two
layers with Au — Ge bonds at 2.4672(17) A, makes for a 5 coordinate (4 In and 1 Ge
atom) distorted square pyramidal geometry for the Ni atoms, and 3 coordinate (2 Ge and
1 Au atom) trigonal planar arrangement for the Ge atoms. This is a common geometry in
intermetallic compounds when one neglects the RE contacts.’

The coordination environment for the crystallographically unique Ce site out to
3.65 A, is given in Figure 5-I-5. The rare earth atom is 12-coordinate, forming four bonds
to Au atoms, four bonds to Ge atoms and two bonds to In atoms at longer distances. This
arrangement gives rise to a distorted pentagonal prismatic geometry around the Ce atoms.
All Ce - X (X = Au, In and Ge) distances ranging at 3.2384 — 3.6538 A, are quite longer
comparing to the sum of the corresponding covalent radii of 2.938 — 3.155 A (Rce +

Ry, indicating rather weak interactions among the Ce and the surrounding atoms.
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Figure 5-1-2. The overall structure of CeAuGeln as viewed approximately onto the b,c-

plane. For clarity the bonds to the Ce atoms are not drawn.

Figure 5-I-3. The overall structure of CeAuGeln as viewed approximately down the c-

axis. For clarity the bonds to the Ce atoms are not drawn.
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Figure 5-I-4. (A) Projection of the [Auln]: PbO-type layer onto the a,c-plane, (B) a

rotated view of the [Auln] slab where the puckered form of the layer is emphasized.
b
c 4 &

¢ ¢ ¢

Figure 5-1-4. (C) an alternative view of [Auln] layer where the square Ge sheets are

highlighted.

. «

©

Figure 5-1-5. Coordination environment of the crystallographically unique Ce atom. The

coordination sphere cutoff is 3.65 A.
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An alternative view of the CeAuGeln structure is in polyhedral representation.
Figure 5-1-6(A), depicts the connectivity of the Au-centered distorted square pyramids
and Ge zigzag chains, as viewed in the b,c-plane. The Au-centered square pyramids,
which are composed of 4 In and 1 Ge atom, are condensed via common In-In edges,
thereby generating two-dimensional layers parallel to the a,c-plane, Figure 5-1-6(A) and
5-1-6(B). The tops of the pyramids of adjacent layers form zigzag chains, running along
the c-direction. This arrangement of Au, In and Ge atoms results to a three-dimensional
network without any Au —Au contacts. The void space within this framework creates
distorted channels which are occupied by the Ce atoms. Table 5-1-4 gives a list of

selected bond distances for CeAuGeln.

Figure 5-1-6. (A) Polyhedral b,c-view of the CeAuGeln structure, featuring the three-
dimensional network of condensed distorted Au-centered InsGe square pyramids and Ge
zigzag chains and (B) details of the pyramids connectivity. One pyramid polyhedron has

clear faces for clarity.
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Table 5-1-4. Selected bond lengths (A) for CeAuGeln.

Bond Length Bond Length
Ce- Au 3.3342(6) Au - Ge 2.4672(17)
Ce - Ge 3.2383(14) Au-In 2.7884(8)
Ce - Ge 3.3255(8) Au-In 2.7912(8)
Ce-In 3.6538(12) In-In 3.0935(5)
Ce-In 3.7341(12) Ge- Ge 2.5127(16)

Magnetic Measurements:

Figure 5-1-7 shows the temperature dependence of the molar magnetic
susceptibility y(7) of a CeAuGeln sample of single crystals loaded randomly in a gel-
cup measured between 2 and 300 K with an applied field of 1 kG and measured for the
temperature range of 2 — 61 K for 300 G of applied field. Data were collected for both
zero field cooled (ZFC, measured on warming) and field cooled (FC, measured on
cooling) modes. The magnetic susceptibility data for 1 kG field and above 15 K, follow a
modified Curie-Weiss law that includes a temperature independent component according
to the equation y(T) = yo + C / (T - 6,). xo includes the sum of the temperature-
independent contributions, e.g. van Vleck paramagnetism, Pauli paramagnetism (due to
conduction electrons) and core-electron diamagnetic contributions. The effective
magnetic moment y.rwas deduced from the Curie constant C, (C = uer” / 8). A nonlinear

least-squares fit to this equation resulted in yo = 2.2 x 10” emu / mol of Ce atom, Curie -
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Weiss constant of 6, = 9.8 K suggesting ferromagnetic interactions and an effective
moment of 2.3 ug / Ce atom. The estimated experimental y.q value is somewhat reduced
with respect to that expected for a free Ce®* ion (2.54 ug), but close enough to suggest a
principally trivalent valence state for the Ce atom. As emphasized in the inset of Figure
5-1-7, at a Néel temperature of ~ Ty = 11 K the compound orders antiferromagnetically,
indicated by the distinct peak in both 1kG and 300 G x.(7) data. Additionally, at a
temperature of 5 K there is a sharp change in the y,(T) curves which is indicative of
ferromagnetic phase transition. The magnetic susceptibility measured at 0.3 and 1 kG did

not show any significant difference in the magnetic behavior.
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Figure 5-1-7. Temperature dependence of the molar susceptibility ym(7) of CeAuGeln
measured on single crystals randomly oriented with applied fields of 0.3 kG and 1 kG.
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The field variation of the magnetization M(H) for the same CeAuGeln sample of
crystals measured at 2, 8, 11 and 60 K can be found in Figure 5-I-8(A). The
magnetization curves at both 2 and 8 K exhibit a characteristic metamagnetic behavior as
is emphasized in Figure 5-1-8(B), which shows only the 8 K magnetization data at the
lower fields region. The metamagnetic transition in CeAuGeln occurs at the critical field
of ~ Hc = 3 kG, indicated by the arrow in Figure 5-1-8(B). The magnetization at 8 K
shows weak and linear (indicated by the solid line in Figure 5-1-8(B) field dependence at
low fields and at 3 kG there is a reorientation of the spins, where the moment exhibits
stronger filed dependence and an apparent hysteresis loop after ~ 5 kG. This
metamagnetic transition corroborates the antiferromagnetic and ferromagnetic nature of
the two transitions observed in the susceptibility measurements. Similar behavior is
observed for the lowest measured data at 2 K, where at about 37 kG the moment starts to
saturate and at 62 kG of applied field it reaches a value of 1.5 ug/ Ce. This value is about
70 % of the theoretical saturation moment for Ce** of 2.14 up/ Ce (calculated by s = gy
J). Saturation moments in the range of 1 ug/ Ce atom are frequently observed for cerium-
based intermetallic compounds. These small values of the ug, are due to crystal field
splitting effects on the J = 5/2 ground state of the Ce** ion. The experimentally
determined moments per cerium atom are 0.75 — 0.9 up for CeRhSn, %7 1.09 ug for
CeAuGe,*® 1.01 ug for CePdo 63Ge; 37° and 0.9 up for CeCuBi3’’ to name a few.

The magnetization at 11 K exhibits linear response up to ~ 7 kG of applied field,
while at higher fields the slope of the curve continuously changes and a very small
difference between increasing and decreasing field data still exists. The moment does not

show signs of saturation up to the highest attainable field of 50 kG. Finally, the data
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collected at 60 K, which is well above the two observed magnetic transitions, show linear
field dependence up to 50 kG with a considerably reduced moment, indicative of the

paramagnetic nature of the material at this temperature.
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Figure 5-I-8. (A) Field variation of the magnetization of CeAuGeln collected at 2, 8, 11

and 60 K.
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Figure 5-1-8. (B) Magnetization curve at 2 K at low fields (0 — 22 kG) emphasizing the
metamagnetic transition, indicated by the arrow. The solid line indicates a linear behavior

of M(H) below the metamagnetic transition at Hc = 3 kG.

Additional magnetic measurements were carried out on a low field SQUID
magnetometer on a piece consisting of aggregated aligned crystals, for 1.3 K<T <35K,
and with applied fields of 5 and 50 G. Measurements were performed with the piece
oriented with the b-axis parallel and perpendicular to the external field. Figure 5-1-9(A)
shows the magnetic susceptibility (M/H) data for both ZFC and FC configurations for 5
G applied field parallel to the b-axis. As it has been observed in the higher field

measurements described above, CeAuGeln first undergoes an antiferromagnetic

189



transition with a Néel temperature of ~ 7y = 11 K and then a ferromagnetic one with a
Curie temperature of ~ Tc = 5 K. At this low field and orientation though, we see some
additional features. At ~ 23 K there is a rather broad change in the slope of the FC curve
and a significant hysteresis between ZFC and FC data starts to occur. Furthermore, at ~
2.7 K there is another transition that appears as peaks for both ZFC and FC curves. Low-
temperature neutron diffraction measurements could shed light on the subtleties of the
multiple magnetic transitions. A FC measurement at 50 G and with the same orientation,
also presented in Figure 5-1-9(A), exhibited almost the same behavior with the one
measured at 5 G, with the exemption of the disappearance of the upturn in the slope
observed at ~ 23 K in the 5 G of applied field corresponding data.

When the field of 5 G was applied normal to the b-axis the low temperature
behavior remained the same and both the ferromagnetic ordering at 5 K and the peak at
2.7 K, were observed, Figure 5-1-9(B). Nevertheless, the picture at the higher temperature
range changed. The distinct peak of the antiferromagnetic ordering at 11 K disappeared
and instead a change in the slope occurred at about 20 K, followed by a broad curvature
until the T, of 5 K for the FC curve and a more intense hump until 10 K for the ZFC
curve. The hysteresis between ZFC and FC configurations started at ~ 15 K in this case.
When the field was raised to 50 G the FC data showed no curvature change at 20 K.
However, there was a very small peak at ~ 11 K, followed by the two transitions at 5 and
2.7 K. This orientation dependent behavior implies that CeAuGeln is magnetically
anisotropic. Other Ce based compounds that have be shown to undergo complex
magnetic ordering at low generally temperatures include the CeAusSiy "' the family of

compounds CesCuX; (X = Sn, Pb and Bi),”*” and CeCoGe;.”* ™
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Figure 5-1-9. Temperature dependence of the susceptibility M/H of CeAuGeln measured
on a compact piece composed of several crystals oriented with applied fields of 5 and 50

G (A) parallel to b-axis and (B) perpendicular to b-axis.
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Magnetotransport measurements:

The temperature variation of the electrical resistivity o(7) of CeAuGeln measured
between 1.58 and 35 K with applied fields of 0 — 4 T, are given in Figure 5-1-10. The
inset in Figﬁre 5-1-10 displays the zero applied field p(T) data up to 108 K. The
temperature dependence of o(7) above 15 K suggests metallic character (o(7) decreases
with decreasing temperature) of the material. The resistivity data measured on crystals
along the b-axis below 15 K and at 0 Tesla revealed a shoulder-like feature at ~ 10 — 14
K. When a magnetic field of 1 Tesla was applied the shoulder was significantly reduced.
With the application of even higher fields the feature at 10 — 14 K became even smaller
and finally at 4 T applied field it completely disappeared. The reducing intensity of the
shoulder-like feature at 10 — 14 K with the application of higher magnetic fields suggests
possible antiferromagnetic transition, which agrees with the antiferromagnetic-like peak,

observed at 11 — 12 K in the magnetic susceptibility measurements, described above.
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Figure 5-1-10. Temperature variation of the electrical resistivity p(7) of CeAuGeln from
1.58 to 35 K with applied fields of 0, 1, 2, 3 and 4 Tesla along the b-axis. The inset

displays the o(T) data for zero applied field for a temperature range of 1.58 — 108 K.

XANES Measurements:

To further probe the Ce valence state in CeAuGeln we performed X-ray
absorption measurements at the Ce Lj-edge. The XANES on Ce Lj-edge represents the
excitation of an electron from the 2p;, core level into the conduction band so that it
probes directly the electronic structure of the unoccupied valence band.”” The energy
variation of the normalized X-ray absorption at the Ce Ly threshold obtained at

temperatures of 16 and 300 K and at ambient pressure is depicted in Figure 5-1-11. The
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spectrum of the tetravalent Ce in CeO, measured at 16 K is also presented for
comparison. The measured near-edge spectra did not present any considerable difference
between the two temperatures, suggesting that the Ce valence remained stable in the
measured temperature range. Nevertheless, in the presence of both 4f' and 4f° final states,
the Ly-edge is comprised by two main structures (double peak) approximately separated
by 10 eV.”*™ As it can be seen in Figure 5-I-11, both spectra show a single dominant
absorption peak (white line resonance), centered at ~ 5726 eV. A singly peaked edge

structure in this energy region is attributed to trivalent Ce atoms, ****2

(due to a 2p3p —
(4f')5d electron transition). On the other hand, the tetravalent Ce in CeO, gives a double
peaked spectrum. Other intermetallic compounds where Ce (IV) is present also exhibit
double peak structure.>®** The presence of single peaked spectrum reveals that Ce is
present exclusively in the trivalent state in CeAuGeln. Thus, the XANES experiments do
not provide any evidence for the existence of valence fluctuations and support the
analysis of the magnetic properties of this compound. Examples of Ce-based intermetallic

compounds exhibiting similar XANES spectra include the ternary compounds CePt;Ni,°

CePtSn,*® CeRu,Si,,”” CeAuln and CeAu,In®? to name just a few.
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Figure 5-1-11. Lyj-edge absorption spectra of Ce in CeAuGeln at 16 K (solid line) and
300 K (dashed line). The spectrum of CeO, at 16 K (dotted line) is also given for

comparison.

5-1-4. Conclusions:

The novel intermetallic compound of CeAuGeln crystallizes in molten In with the
orthorhombic Cmcm space group as an ordered quaternary variant of the ternary CeNiSi,
structure type. This is another example were liquid In acts as a reactive flux in reactions
containing group 14 elements, despite the general tendency for In not to get incorporated

into the compound when used in systems of the type RE/M/Ge. The formation of the title
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compound when Ce was employed under similar reaction conditions as in the
Yb3AuGe;In; phase, reinforces and generalizes the suggestion made in Chapter 2 where
we saw that only a few RE elements formed the RE;Co4InGe,; phase that, the size of the
RE cations plays a crucial role for the formation of quaternary phases in the system
RE/TM/Ge/In, when the In-flux method is used.

The magnetic susceptibility data suggests the Ce’* atoms are in a +3 state.
Additionally, the magnetic measurements revealed that the material undergoes both an
antiferromagnetic transition with a Néel temperature of ~ 7y = 11 K as well as a
ferromagnetic one with a Curie temperature of ~ 7¢c = 5 K. Orientation dependent
magnetic susceptibility experiments showed magnetically anisotropic behavior for
CeAuGeln. The antiferromagnetic transition was also observed in electrical resistivity
measurements. Finally, when temperature XANES measurements on Ce Lj;-edge were
performed at 16 and 300 K, both spectra gave a singly peaked edge structure which
confirms the suggestion of the Ce atom being as Ce** in CeAuGeln compound. Future
work for this material could include attempts to grow bigger single crystals in order to
facilitate more detailed magnetic measurements. Neutron diffraction experiments could
be also helpful to elucidate possible additional magnetic structures seen in the low field

magnetic measurements.
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CHAPTERSS

PART II. Synthesis and Characterization of EuAuGeln,

5-1I-1. Introduction

The intermetallic compounds with a general formula of RE(TM,X); (RE = rare
earth metal, TM = transition metal and X = p-block element) according to a classification
constituted by Krypyakevich, belong to the class N9 characterized by a tetragonal
antiprism coordination environment around the smallest atoms. Depending on the
specific composition of each phase they crystallize in several structure types. For one of
the most common compositions of 1:2:2, more than 1000 intermetallics adopt the BaAl,
structure (/4/mmm space group), or the ternary ordered variants of ThCr,Si, structure
(I4/mmm space group), CaBe,Ge; (P4/nmm space group), LaPt,Ge; (P2, space group)
and CeNiy+xSbax (Imm space group). The ternary RE;TM3Sis compounds crystallize in
ScyFe;Sis (P4/mnc), U,CosSis (Ibam space group) and LuyCosSis (C2/c space group).
Finally for the ternary RETMX; compounds the structures of BaNiSn; (/4mm space
group) and ScNiSi3; (Cmmm space group) have been commonly reported in the literature.
The These structures are included in a concentrated effort made by Szytoula and
Leciejewicz in categorizing the various ternary rare earth intermetallics structures and
magnetic properties.’ The structures ThCr;Si,®® CaBe,Ge; and BaNiSn;* constitute
ternary derivatives of the BaAl, structure types, representing a large number of the
observed RE/TM/X intermetallic systems.

As it was stated in part I of this Chapter, after the rich chemistry revealed by the

thorough examination of the ternary RE/Aw/In system* and in combination with the
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intriguing magnetic properties exhibited by the Yb;AuGe;In; compound and the various
remarkable physical phenomena observed in many Ce and Eu based intermetallics (also
presented in part I), we explored the system Eu/Au/Ge/In. Interestingly, it did not result
in an analog of the Yb;AuGe;In; phase, but instead the substitution of the Yb metal with
Eu metal led to EuAuGeln,. The new compound crystallizes in a different structure type,
however as it will be described below are closely related. The synthesis and
characterization of CeAuGeln were reported in part I of this chapter. Here we present the
new compound EuAuGeln;, grown from In flux which crystallizes in the tetragonal space
group J4mm with the BaNiSn; structure type. 3 The synthesis, crystal structure, and a

preliminary study of the magnetic properties are reported.

§-11-2. Experimental section
Reagents:

The following reagents were used as purchased without further purification: Eu,
(in small pieces cut from metal chunks, 99.99% HEFA Rare Earth Canada Co. Ltd), Au
(pieces, 99.9% Alfa Aesar, Ward Hill, MA), Ge (~100 mesh, 99.999% Cerac,

Milwaukee, WI) and In (tear drops 99.99% Plasmaterials, Livermore, CA).

Synthesis:

EuAuGeln, was synthesized by combining 3 mmol of the europium metal, 2
mmol gold, 3 mmol germanium and 15 mmol In in an Al,03 (alumina) crucible under an
inert nitrogen atmosphere inside a glove-box. The crucible was placed in a 15 mm fused

silica tube, which was flame sealed under vacuum of 10 Torr, to prevent oxidation
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during heating. The reactants were then heated to 1000 °C over 12 h, maintained at that
temperature for 5 h to allow proper homogenization, followed by cooling to 850 °Cin2 h
and held there for 48 h. Finally, the system was allowed to slowly cool to 50 °C in 48 h.
The reaction product was isolated from the excess In flux by heating at 350 °C and
subsequent centrifugation through a coarse frit. Any remaining flux was removed by
immersion and soniqation in glacial acetic acid for 48 - 72 h. The final crystalline product
was rinsed with water and dried with acetone. EuAuGeln, crystals grow as thick rods
with rectangular faces and a rather rough silvery surface. Main side products were small
amounts of Eu,AuGe; 5.3 5 thin plates, as defined only from EDS analysis, and unreacted
In metal. Several single crystals were carefully selected for elemental analysis, structure

characterization, and magnetic measurements reported here.

Elemental Analysis:

Semi-quantitative microprobe elemental analysis was performed on several
crystals of the compound using a HITACHI MODEL S-2700 Scanning Electron
Microscope (SEM) equipped with a light-element window Noran System Six EDS
detector. Data were acquired by applying a 20 kV accelerating voltage and an acquisition
time of 1 min. The EDS analysis gave an average atomic composition of 19.9 % Eu,
20.62 % Au, 18.96 % Ge and 40.52 % In, which is in very good agreement with the final

single crystal X-ray diffraction refinement results.
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X-ray Crystallography:

The X-ray intensity data were collected at room temperature using a STOE IPDS
2T (with additional capability of 26 swing of the detector) diffractometer with graphite-
monochromatized Mo Ka (4 = 0.71073 A) radiation. The X-AREA (and X-RED and X-
SHAPE within) package suite®® was used for data extraction and integration and to apply
empirical and analytical absorption corrections. The structure of EuAuGeln;, single
crystals were solved by direct methods and refined with the SHELXTL package of
programs.>® A structure refinement for EuAuGeln, was initially performed for the
tetragonal noncentrosymmetric space group of /4mm. A second refinement was also
attempted for the tetragonal centrosymmetric space group of /4/mmm after it was
suggested by the PLATON-Addsym application of the WinGX package software,>*
which gave a composition of EuggAug,3Ge;72In; for the title compound. Both
refinements resulted in comparable R; / wR; values. For comparison reasons, additional
structure refinement was also attempted in the /4 space group (data not provided here)
which has the lowest symmetry. The agreement in the chemical combosition of
EuAuGeln; from both /J4mm and /4 space group refinements and the EDS analysis and
the fact that the refinement in the /4mm S.P. can be considered as showing less atomic
site disorder, led us to choose the tetragonal J4mm S.G. as the better one to describe the
final structure. The final data collection and structure refinement details for both space
group refinements are given in Table S-II-1. The final atomic positions, equivalent
isotropic displacement parameters and anisotropic displacement parameters are listed in

Tables 5-11-2,3 and 5-11-4,5.
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Table S-II-1. Crystal data and structure refinement data for EuAuGeln; in /[4mm and

14/mmm space groups.

Empirical formula EuAuGeln, Eug g2Aug 23Ge; 72Iny

Formula weight 651.16 535.63

Temperature (K) 293(2) 293(2)

Wavelength (A) 0.71073 0.71073

Crystal system Tetragonal Tetragonal

Space group 14mm 14/mmm

a(A) 4.4996(6) 4.4996(6)

b(A) 4.4996(6) 4.4996(6)

c(A) 11.799(2) 11.799(2)

V(A3) 1z 238.88(7)/2 238.88(7)/2

Densitycalc (Mg/m’) 9.053 7.447

Absorption coefficient (mm‘l)/ F(000) 59.059/544 39.370/ 455

0 range for data collection (°) 4.85t0 34.38 4.85 to0 34.38
-7<=h<=6 -7<=h<=6

Index ranges -7<=k<=5 -7<=k<=5
-18<=1<=18 -18<=I<=18

Reflections collected / unique / R(int)  1532/322/0.1238  1532/168/0.1350

Completeness to 8 (%) 923 923

Data / restraints / parameters 322/17/18 168/0/10

Refinement method

2
Goodness-of-fit on F

Final R indices [>20(])] (R; / wRy)"
R indices (all data) (R, / sz)a

Extinction coefficient

Largest diff. peak and hole (e. A%

2

Full-matrix least- squares on F

1.133

0.0435/0.1083
0.0437/0.1088

0.014(3)

2.552 and -3.025

1.194
0.0431/0.1140
0.0433/0.1142
0.032(6)

2.185 and -4.166

1
Ry = ZF,|-|F.|/ SIF, | wR, =[2wﬂFo|-|FC|}2/zu4FO|2] 2. w=1/0*{F,|}
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4
Table 5-II-2. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10°) for EuAuGeln; in J4mm space group.

Atom Wyckoff x y z U(eq)a S.O.F
Eu 2a -5000 -5000 5669(1)  11(1) 1

In 4b 0 -5000 3167(3)  10(1) 1
Au(l) 2a 0 0 4603(1)  12(1) 0.46
Ge(1) 2a 0 0 4603(1)  12(1) 0.54
Au(2) 2a 0 0 6753 7(1) 0.536
Ge(2) 2a 0 0 6753 7(1) 0.464

4
Table 5-II-3. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10) for EuAuGeln; in J4/mmm space group.

Atom Wyckoff  x y z U(eq)" S.OF
Eu 2a 0 0 0 11(1) 0.82
In 4e -5000 -5000 -1078(1)  9(1) 1

Au 4d -10000 -5000 -2500 9(1) 0.142
Ge 4d -10000 -5000 -2500 9(1) 0.858

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.
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Table 5-II-4. Anisotropic displacement parameters (A2 X 103) for EuAuGeln; in /4mm

space group.
Atom Ull U22 U33 U23 U13 U12
Eu 11(1) 11(1) 11(1) 0 0 0
In 9(1) 9(1) 11(1) 0 0 0
Au(l)  13(1) 13(1) 11(1) 0 0 0
Ge(1) 13(1) 13(1) 11(1) 0 0 0
Au@2) 91 9(1) 5(1) 0 0 0
Ge(2)  9(1) 9(1) 5(1) 0 0 0

Table 5-II-5. Anisotropic displacement parameters (A2 X 103) for EuAuGeln; in /4/mmm

space group.
Atom Ul 1 U22 U33 U23 Ul3 UIZ
Eu 11(1) 11(1) 10(1) 0 0 0
In 10(1) 10(1) 7(1) 0 0 0
Au 8(1) 8(1) 10(1) 0 0 0
Ge 8(1) 8(1) 10(1) 0 0 0

2.2 2 11
The anisotropic displacement factor exponent takes the form: -2n [ha* U + ..

12
+2hka*b*U |
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Magnetic Measurements:

Low field magnetic measurements on randomly oriented crystals were performed
with a commercial Low Field SQUID magnetometer,5 5 located also in the MSD facilities
of ANL, in the temperature range of 1.3 - 65 K, with applied fields of 1 and 10 G for the
ZFC and the FC mode run, respectively. In a typical measurement the temperature from
40 K is cooled down to 1.3 K under zero field. Then the field is turned on and the ZFC
data are collected on warming. Consecutively, the temperature is cooled down to 1.3 K

with the field on and then the FC data are also measured on warming.

5-11-3. Results and Discussion
Reaction Chemistry:

The compound EuAuGeln, was first discovered in a reaction that was initially
designed to form the Eu analog of the Yb;AuGe;In; phase, described in Chapter 4. As in
the case of the CeAuGeln compound, when Yb was substituted by Eu metal a different
compound was formed. Interestingly, the Eu analog did not form the CeAuGeln phase
cither, but instead it crystallized in another structure type which as it will be
demonstrated below is closely related to the CeAuGeln structure type. This result is
another example of where the size of the rare-earth cation plays a decisive role for the
formation of a specific quaternary phase in the system RE/TM/Ge/In, when the In-flux
method is used. Furthermore, the synthesis of EuAuGeln; is yet another example which
demonstrates the ability of liquid In to act as a reactive flux in reactions containing group

14 elements. Nevertheless, EuAuGeln; crystals form as thick rods with rectangular faces
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and a rather rough silvery surface. Figure 5-1I-1 shows scanning electron micrographs of

typical single crystals of the EuAuGeln, compound.

250 pum 100 pm

Figure 5-II-1. Scanning Electron micrograph (SEM) images of flux-grown EuAuGeln,

crystals.

Structure:

According to the data in Tables 5-II-1-3 in the refinement under the
centrosymmetric /4/mmm S.P., the title compound adopts the ThCr,Si, type structure®®
with partial occupancy of 82 % for the Th (2a) site by the Eu atom, full occupancy for the
Si (4e) site by the In atom while the Cr (4d) position is randomly occupied by Au and Ge
atoms. For the latter position there is stronger preference of 86 % to be occupied by the
Ge atom. This arrangement resulted in R, / wR; values (all data) of 0.0433 /0.1142 and a
final composition of Eug g, Aug2sGe; 72In; which did not agree with the results obtained

from the EDS analysis, given above. On the other hand when the refinement is performed
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under the non-centrosymmetric /4mm S.P., the present compound adopts the BaNiSi;
type structure®® with fully occupied Ba (2a) and Sn(2) (4b) sites by Eu and In atoms,
respectively. The Ni and Sn(1) positions of the prototype on the other hand, are shared
almost equally between the Au and Ge atoms. The refinement with the /4mm S.G.
resulted in R; / wR; values (all data) of 0.0437 / 0.1088, comparable to the corresponding
values of the /4/mmm S.P., and a final composition of EuAuGeln; which agrees very well
with the results obtained from the EDS analysis. Additionally, structure refinement was
also attempted in the /4 space group (data not provided here) which has lowest symmetry
for comparison reasons. This attempt led to the same chemical composition of
EuAuGeln; as in the refinement with the /4mm space group. The agreement in the
chemical composition of EuAuGeln; from both /J4mm and /4 space group refinements and
the EDS analysis and the fact that the refinement in the J4mm space group can be
considered as showing less atomic site disorder; suggests that the BaNiSn; type
represents a better alternative for the crystal structure of the title compound than the
ThCr,Si; type. A similar case has been reported for the CeCuAl; compound where after
trial refinements were performed for both ThCr,Si, type and BaNiSn; type structures, the
BaNiSn; was proved to be a better model to describe the structure because it resulted in a
lower atomic site disorder.®® Therefore, in the structure description presented below for
EuAuGeln, compound we chose the tetragonal space group of /4mm, as a disordered
variant of the BaNiSn; structure type.

The overall structure of EuAuGeln, as viewed down the b-axis is depicted in
Figure 5-11-2. For clarity only one of the Au/Ge atoms is presented for each of the two

mixed-occupied sites. For the representation, Ge(1) atom was chosen for the Au(1)/Ge(1)
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position and the Au(2) atom for the Au(2)/Ge(2) site as the atoms with the slightly higher
occupation factor for each site, correspondingly. Additionally, the bonds to the Eu atoms
were omitted to emphasize the three-dimensional (3D) [AuGeln;] framework and its
channels. In EuAuGeln,, similar to the CeAuGeln, all of the Eu, Au, In and Ge atoms are
located in alternating layers stacked along the long c-axis in the sequence: Eu-Au-In-Ge-
Eu-Au-In-Ge-Eu. The structure can also be described in terms of alternating [AuGeln;]
and Eu atoms layers (see Figure 5-1I-2). Detailed descriptions of the two structural
fragments are given below.

The [Au(2)Ge(1)In;] slab can be described as a distorted PbO-type layer, which
was also seen in the [Auln] layer in CeAuGeln structure. In [Au(2)Ge(1)In;], the
tetrahedrally coordinated (Au(2),Ge(1);) In atoms form a 2-dimensional (2D) quadratic
sheet that extends in the ab-plane (see Figure 5-1I-3(A),(B)) and is capped by Au(2)
atoms above and Ge(1) atoms below this plane, thus forming a puckered overall layer,
see Figure 5-11-3(B). The Au-In bond has a length of 2.801(1) A which is slightly shorter
than the sum of the covalent radii of 2.85 A (Rau + Rin).% indicating strong Au — In
interactions within the layer. Nevertheless, the Au(2) — In distance compares well with
the corresponding bonds found in CeAuGeln at 2.7912(8) A and 2.7884(8) A as well as
with those found in other intermetallic compounds as in EuAuInz,86 for example. The In -
Ge(1) bond has a length of 2.817(3) A, which in this case, is longer than the sum of the
covalent radii of 2.667 A (Rge + R;,,).63 but are well within the range reported for other
intermetallic compounds as the ones in RE7Co4InGe;; which range at 2.9214 —2.965 A

Adjacent [Au(2)Ge(1)In;] layers connect through Au(2) — Ge(l) bonds at

2.5362(18) A which is shorter than the sum of the covalent radii of 2.636 A (Rau + Rce),?
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indicating strong Au — Ge interactions between neighboring layers. This bond is longer
than the Au — Ge bond at 2.4672(17) A which is connecting the two different types of
layers in the CeAuGeln compound. The [Au(2)Ge(1)In;] layers interconnection makes
for a distorted square pyramidal geometry around each of the Au(2) and Ge(1) atoms,
with 4 In atoms as the base for both, while Ge(1) and Au(2) occupy the top of the
pyramids for Au(2) and Ge(1), respectively. The layers interconnection also creates fused
tubes that run along both the a- and b-axes, and host the Eu atoms.

In the Eu layers, the Eu atoms form planar 2D nets of squares extending parallel
to the a,b-plane, see Figure 5-11-4. The Eu - Eu intralayer distance is equal to the g, b-axis
at 4.4996 A while the Eu — Eu distance between neighboring layers is at a longer distance
of 6.7028(24) A. Adjacent Eu nets are stacked in a staggered way along the c-axis, while
every other layer is aligned with each other. Finally, there is a 16-fold coordination
polyhedron around each Eu atom, see Figure 5-I1I-4(B). All the Eﬁ — X distances ranging

at 3.4209(10) — 3.7112(31) A are rather long to be considered bonding.
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Figure 5-II-2. The overall structure of EuAuGeln; as viewed approximately onto the a,c-
plane. For clarity the bonds to the Eu atoms are not drawn, and only Ge(1) and Au(2) are
shown for the two mixed-occupied sites of Au(1)/Ge(1) and Au(2)/Ge(2), respectively.

Figure 5-I1-3. (A) Projection of the [AuGeln,]: PbO-type layer onto the a,b-plane, (B) a
rotated view of the [AuGeln;,] slab where the puckered form of the layer is emphasized.
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Figure 5-11-4. (A) Eu atoms layer as viewed approximately in the a,c-direction. Eu-Eu

bonds are drawn to emphasize the Eu atoms arrangement within the layers. (B)

Coordination environment for the Eu atom out to 3.7112 A.

An alternative view of the EuAuGeln; structure is in polyhedral representation.
Figure 5-1I-5, depicts the connectivity of the In-centered distorted tetrahedra, as viewed
in the a,c-plane. The In-centered tetrahedra, which are composed of 2 Au(2) and 2 Ge(1)
atom are condensed via common Au(2)-Ge(1) edges, thereby generating two-dimensional
layers parallel to the a,b-plane. The Au(2) and Ge(l) vertices of each such layer are
connected with the Ge(1) and Au(2) vertices, respectively, of adjacent layers through
Au(2) — Ge(l) bonds along the c-direction. This arrangement of Au(2), In and Ge(1)
atoms results to a three-dimensional network. The void space within this framework hosts

the Eu atoms. Table 5-11-6 gives a list of selected bond distances for CeAuGeln.
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Figure S5-1I-5. Polyhedral a,c-view of the EuAuGeln, structure featuring the

interconnection of layers consisting of condensed In-centered Au(2),Ge(1); tetrahedra.

Table 5-11-6. Selected bond lengths (A) for EuAuGeln,.

Bond Length

Eu - Au(2) 3.4293(7)
Eu - Ge(1) 3.4209(10)
Ge(1) - In 2.817(3)
Au(2) - In 2.801(2)
In-In 3.1817(4)
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Figure 5-II-6 illustrates the b,c-view of the orthorhombic ordered CeAuGeln
structure (Cmcm, a = 3.3215(9), b = 19.176(4) and ¢ = 4.4259(9) A), described in Part |
of this chapter, as well as the a,c-view of the disordered tetragonal EuAuGeln; structure
(JAmm, a,b = 19.176(4) and ¢ = 4.4259(9) A), described in Part II. It is obvious that the
two structures can be considered as closely related. In both structures, coordination
polyhedra with Au atoms inside form layers perpendicular to the long axis. The layers are
interconnected through Au — Ge bonds thus building a three dimensional [AulnGe]
framework. The RE atoms are located in large holes within this network. Both structures
can be described with a specific sequence of atomic planes RE, Au, Ge, and In
perpendicular to the long axis. Both of them contain a PbO-type layer made of Au and In

atoms for the CeAuGeln compound and Au, In and Ge atoms for the EuAuGeln;,
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CeAuGeln

Figure 5-11-6. The overall structure of CeAuGeln as viewed onto the b,c-plane and the

overall structure of EuAuGeln; as viewed onto the a,c-plane.

Magnetic Measurements:

Figure 5-1I-7 shows the magnetic susceptibility (M/H) data for ZFC mode
measurement with 1 G of applied field and for FC mode at 5 G of applied field. Both
measurements were performed on randomly oriented crystals. As it can be seen more
clearly in the inset of Figure 5-1I-7 which depicts the lower temperature data, the system
seems to undergo an antiferromagnetic transition at a temperature of ~ 11 -12 K as
indicated by the cusp in both ZFC and FC measurements. Successively, the material
exhibits a ferromagnetic ordering at a temperature of ~ 5 K, where there is change in the

slope. Furthermore, at ~ 2.6 - 2.7 K there is another feature appearing as peaks for both
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ZFC and FC curves, with the ZFC decreasing towards lower moment values and the FC

data increasing to a higher moment. Low-temperature neutron diffraction measurements

could shed light on the subtleties of the multiple magnetic transitions. EuAuGeln,

magnetic behavior is very similar to the corresponding CeAuGeln behavior since both

compounds seem to exhibit both anti- and ferromagnetic transition at the same

temperature ranges and possible additional features at lower temperatures.
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Figure 5-II-7. Temperature dependence of the susceptibility M/H of EuAuGeln;

measured on randomly oriented crystals with applied fields of 1 G for the ZFC mode

(solid rhombi) and 10 G for the FC mode (open circles).
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5-11-4. Conclusions

We have shown that the BaNiSn; type structure in the tetragonal /4mm space
group, represents a better alternative for describing the crystal structure of the novel
intermetallic compound of EuAuGeln; than the ThCr,Si,-type structure in tetragonal
I4/mmm space group. This conclusion was drawn because the refinement under /4mm
space group offers the possibility of lower atomic site disorder and results in a
stoichiometric composition that is in excellent agreement with the atomic ratio obtained
by the EDS analysis.

The formation of EuAuGeln; is another example in which liquid In acts as a
reactive flux in reactions containing group 14 elements, despite the general tendency for
In not to get incorporated into the compound when used in systems of the type RE/M/Ge.
This also shows the great potential of metallic fluxes for exploratory solid state synthesis.

Additionally, our exploratory synthesis with In metal as a solvent in the system
RE/Auw/Ge with RE = Yb, Ce, Eu (Yb was employed in the work presented in the
preceding chapter) under similar experimental conditions resulted in the three different
intermetallic compounds of Yb3;AuGe;In;, CeAuGeln and EuAuGeln,. Each of the three
new compounds crystallizes under different structure type. This suggests that the size of
the rare-earth cations likely plays a crucial role for the formation of quaternary phases in
the system RE/TM/Ge/In, when the In-flux method. The detailed study of such systems
can contribute in further understanding of the stoichiometry-structure-properties
relationships which is a requirement for the development of new solid state materials.

Finally, preliminary low field magnetic measurements revealed a rather complex

magnetic structure for the title compound as the material undergoes both an
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antiferromagnetic transition with a Néel temperature of ~ 7y = 11 K as well as a
ferromagnetic one at a temperature of 5 K. Future work on this compound is needed and
could include attempts to grow bigger single crystals in higher yields in order to facilitate
more detailed magnetic measurements and electrical conductivity. Neutron diffraction
experiments could be also helpful to elucidate possible additional magnetic structures
seen in the low field magnetic measurements. XANES measurements could also be
useful for the probing the Eu valence configuration, as many Eu based intermetallics have

shown mixed valence or valence fluctuating behavior.
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CHAPTER 6
Yb,TMGes (TM = Fe, Cr and Co) an In Flux Grown Intermetallic:
Exhibiting Temperature Induced Yb Valence Fluctuation and

Anomalous Thermal Expansion below ~ 100 K

6-1. Introduction

A large number of the ternary intermetallic compounds with the RETMxTt,
composition,"2 where RE is a rare earth metal, TM is a transition metal (Mn, Fe, Ni, Co,
Cu, Ru, Rh, Re, Ir, Pd, Pt) and Tt is a tetrelide element (Si, Ge, Sn) crystallize in the
orthorhombic structure of CeNiSi,-type (Cmem).>* The main characteristics of this
structure are the slightly deformed square pyramidal coordination of the TM atoms while
the Tt atoms define a flat square net. Some of them crystallize with the ideal composition
(x = 1)>>® whereas the majority form a range of solid solutions (0 < x < 1) characterized

™14 At the present time, the origin of the vacancies

by different degrees of TM deficiency.
on the TM-site has been little understood and structural studies of most systems have
been performed primarily with X-ray powder diffraction techniques. The limited single
crystal X-ray diffraction studies have given indications for superstructure existence in
some cases, but have not been successfully resolved yet.'>'® Single crystal X-ray and
electron diffraction studies of the TbsFeGeg (or TbFeq25Ge;) compoundl4 revealed a
strongly modulated square net of the Ge atoms. Additionally, for SrAuSn, where the RE
has been substituted by Sr a commensurately modulated structure of the CeNiSi,-type has

been described.!” It is thus of particular importance to synthesize high-quality single

crystals of this type of systems in order to perform a more thorough structural
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investigation, that could also shed further light on the nature of the observed TM

deficiency and/or the possible distortion of the Tt atoms square sheets in some cases.
Among these rare earth-systems particularly the CeTMxTt, compounds have been

the focus of continuous interest as they exhibit a wealth of interesting physical

18,19 and

phenomena such as magnetically ordered Kondo lattice behavior in CeRhSn;
CeNiGe,*° heavy-fermion Kondo behavior in CeCoGe,® and heavy-fermion valence
fluctuating behavior in CeCoggoGe,”' valence fluctuating behavior in CeRhSi;?? and
CeNiSi,;* and heavy- fermion behavior in CePtSiy* These properties are associated
with the presence of an unstable electronic 4f-shell, as Ce ion shows two electronic
configurations that are closely spaced in energy: the magnetic Ce** (4f') and the
nonmagnetic Ce*" (4/°). It is generally believed that, the stability of the different ground
states depends strongly on the hybridization (interaction) strength between the magnetic
4f electrons and the s, p, and d conduction electrons.”*?® It is interesting to add that Yb
can also exhibit two energetically similar electronic configurations: the magnetic Yb**
(4f'3) and the nonmagnetic Yb** (4/**) one. Due to this feature Yb is usually considered
as the “f~hole” analogue of Ce. Under this consideration, the roles of the 4f electron and
4f hole can be interchanged and many similar phenomena such as intermediate valence,
Kondo effect or heavy-fermion behavior, are observed in Ce and Yb counterpax'ts.zg'33
However, the Ce-based intermetallic compounds have been more extensively studied
comparing to the Yb-based compounds due to the inherent difficulties in sample
preparation (high vapor pressure of Yb metal). Even though today there is a significant
number of structurally and physically characterized Yb compounds that exhibit many of

26,34-37

the above intriguing properties there have not been any reports of thorough
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investigations of YbTMxTt, compounds that adopt the CeNiGe,-type or a variation, up
to our knowledge. Consequently, it is of great interest to explore the crystallographic and
physical properties of YbTMxTt, systems.

In a recent review, it has been demonstrated that molten metal fluxes are excellent
alternative to the conventional synthetic methods for the exploratory synthesis of new
rare earth intermetallic compounds.®® After our own successful investigations with Al and
Ga fluxes in the systems RE/TM/AI/Si or Ge and RE/TM/Ga/Si or Ge which resulted in a

numerous ternary and quaternary phases,***’

we have recently started employing molten
In metal as a solvent in analogous systems. Within this work we have been able to isolate
the germanides REzZn;;Geﬁ48 and the ﬁ-RENiGez49 where In acts as a non-reactive flux,
as well as a number of intermetallic compounds in which In gets incorporated into the
products including RE4Ni21nGe4,5° RE;Co4InGe)>,”! Dy4ColnGes, Yb3AuGe;lns,
CeAuGeln and EuAuGeln; (described in Chapters 3-5) and REAu,In, > Interestingly,
CeAuGeln crystallizes as an ordered quaternary variant of the CeNiSi, structure. Here we
report the In-flux synthesis and crystal growth of YbsTMGeg (TM = Cr, Fe and Co)
compounds. We have successfully elucidated their superstructure by single crystal X-ray
diffraction and (3+1) dimensional crystallography. The single crystal X-ray diffraction,
magnetic properties for YbsTMGes (TM = Cr, Fe), temperature dependent X-ray
absorption near edge spectroscopy (XANES), heat capacity (for YbsCrGes) and electrical
resistivity (for YbsCrGes) are reported. All YbsTMGeg compounds exhibit Yb mixed-

valence behavior with the valence constantly changing with the temperature.

Additionally, the compounds exhibit anomalous thermal expansion behavior below ~ 100
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K and the Cr analog has an enhanced electronic specific heat coefficient y suggesting

possible heavy-fermion behavior.

6-2. Experimental section
Reagents:

The following reagents were used as purchased without further purification: Yb,
(in the form of powder ground from metal lump, 99.99% HEFA Rare Earth Canada Co.
Ltd), Fe (-100, +200 mesh, 99.9% Cerac, Milwaukee, WI), Cr (~200 mesh, 99.95%
Cerac, Milwaukee, WI), Co (~100 mesh, 99.9% ESPI Metals, Ashland, OR), Ge (~100
mesh, 99.999% Cerac, Milwaukee, WI) and In (tear drops 99.99% Plasmaterials,

Livermore, CA).

Synthesis:

Method A. Ybs,TMGeg (TM = Cr, Fe and Co) were obtained by combining 4
mmol of the ytterbium metal, 1 mmol transition metal, 4 mmol germanium and 30 mmol
In in an Al;O; (alumina) crucible under an inert nitrogen atmosphere inside a glove-box.
The crucible was placed in a 15 mm fused silica tube, which was flame sealed under
vacuum of 10 Torr, to prevent oxidation during heating. The reactants were then heated
to 1000 °C over 12 h, maintained at that temperature for 5 h to allow proper
homogenization, followed by cooling to 850 °C in 2 h and held there for 144 h. Finally,
the system was allowed to slowly cool to 50 °C in 74 h. The reaction product was isolated
from the excess In flux by heating at 350 °C and subsequent centrifugation through a

coarse frit. Any remaining flux was removed by immersion and soniqation in glacial
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acetic acid for 48 - 72 h. The final crystalline product was rinsed with water and dried
with acetone. All three YbsTMGeg compounds form mainly as platelet-like silvery
metallic rods while some crystals grow in an irregular shape. Main side product for all

d>>4 (long rods) and small amounts

three compounds was the ternary Yb,;InGe, compoun
of the binaries YbIn; (cubes) and YbGe,;s.3 (cubes), as given by the EDS analysis.
Additionally, for the Co analog crystals of Yb;Co4InGe;; (needles) and YbCoGe; (plates)
were also observed. Several crystals were carefully selected for elemental analysis,
structure characterization, and the physical measurements reported here.

Method B. YbsCrGeg and YbsFeGeg were also obtained by combining 4 mmol of
the ytterbium metal, 2 mmol gold, 8 mmol germanium and 30 mmol In in an Al,O3
(alumina) crucible under an inert nitrogen atmosphere inside a glove-box and YbsCoGes
was also obtained by combining 4 mmol of the ytterbium metal, 1 mmol cobalt, 6 mmol
germanium and 30 mmol In in an Al;O3 (alumina) crucible under an inert nitrogen
atmosphere inside a glove-box The crucible was placed in a 15 mm fused silica tube,
which was flame sealed under vacuum of 10 Torr, to prevent oxidation during heating.
The reactants were then heated with the same heating profile used in method A. This

method reduced the amount of the main byproduct Yb,InGe; and increased the yield in

the target compounds.

Elemental Analysis:
Semi-quantitative microprobe elemental analysis was performed on several
crystals of the compound using a HITACHI MODEL S-2700 Scanning Electron

Microscope (SEM) equipped with a light-element window Noran System Six EDS
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detector. Data were acquired by applying a 20 kV accelerating voltage and an acquisition
time of 1 min. The EDS analysis gave an average atomic composition of 30.23 % Yb,
7.77 % Cr, 62 % Ge which is in excellent agreement with the final single crystal X-ray

diffraction refinement results. Similar ratio resulted for the Fe and Co analogs.

X-ray Crystallography:

Yb,CrGes, X-ray intensity data were initially collected at room temperature using
a Bruker SMART Platform CCD diffractometer with graphite monochromatized Mo Ka
(A = 0.71073 A) radiation. The SMART software was used for data acquisition and
SAINT for data extraction and reduction.’®> An empirical absorption correction was
applied using the program SADABS® and the structure of YbsCrGeg was solved by
direct methods and refined with the SHELXTL package programs.®® A stable refinement
was accomplished in the orthorhombic space group Cmcm, and a total of four atomic
positions were identified (all at 4c Wyckoff position). Data collection and structure
refinement details are given in Table 6-1. The final atomic positions, equivalent isotropic
displacement parameters and anisotropic displacement parameters are listed in Table 6-2
and 6-3. The site occupancy of the Cr atom was found to be reduced to only Y whereas
the rest sites were found to be fully occupied. Additionally, the anisotropic displacement
parameters U,; and Uj; (directed along the a and c-axis, respectively) of Ge(2) atom were
enlarged. The observed deficiency on the Cr site, unusual thermal displacement
parameters and shortened Cr-Ge bond distances (2.133(2) A) raised suspicion for the
existence of a superstructure. For this reason, we recollected data on a STOE

diffractometer with longer exposure time and we noticed that extra weak reflections were
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revealed that were missed the first time of data collection with the CCD. This indicated
the existence of a long range superstructure the solution and refinement of which is
described below. The initial data collection (substructure) resulted in a very good
refinement (R1 / wR2 = 0.0175 / 0.0439). However, this was misleading as it was later
found that the initial substructure solution did not include all the diffraction information
and thus did not fully describe the YbsCrGeg modulated superstructure.

YbsTMGes. The X-ray intensity data were collected at 100 K using a STOE
IPDS 2T diffractometer with graphite-monochromatized Mo Ka (1 = 0.71073 A)
radiation, at Northwestern University (NU) facilities and at Materials Science Division
(MSD) facilities at Argonne National Laboratory (ANL).The modulated structures were
solved by our group member Dr. Christos Malliakas (Northwestern University). The X-
AREA package suite was used for data reduction and analytical absorption corrections.
The subcell (average structure) of YbsTMGes (TM = Cr, Fe, Co) was solved by direct
methods using the SHELXTL package. The superstructures were refined with JANA2000
software.’” The length determination and refinement of the g-vectors was performed with
the Peaklist 1.06 software part of the X-Area 1.39 suite®® using a least square refinement
algorithm.

In the (3+1)D crystallographic approach, the distortion (positional or temperature
parameter) of a given atomic parameter x; in the subcell can be expressed by a periodic

modulation function p(x4) in a form of a Fourier expansion:

plt35)= " Apysinf2y b x5 3 o coso i+ 5

n=1 n=1
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where Aj, is the sinusoidal coefficient of the given Fourier term, A., the cosine

coefficient, n the number of modulation waves used for the refinement and k the lattice

d
translation g, = a..:q: where «,,; integer numbers for the linear combination of the
dn ni9i ni g

i=1
incommensurate modulation vectors ¢, .

Satellite reflections of first order were observed at 100 K and used for the
refinement. One modulation wave for positional, temperature parameters and
occupational (TM = Cr, Fe, Co) distortions were used. Only the symmetry allowed
Fourier terms were refined. Data collection and structure refinement details, atomic
coordinates, equivalent isotropic displacement parameters and atomic thermal parameters
along with Fourier components of the corresponding modulations and finally the bond
lengths distributions are given in Table 6-4 — 6-18(II).

All the temperature dependent measurements of the cell parameters were
performed on the same single crystal for each analogue using both STOE IPDS 2T
diffractometers at the ANL (MSD) and NU facilities. For YbsCrGeg and YbsCoGes
crystals the temperature range of 15 — 90 K was measured with the STOE at ANL while
the higher temperatures were collected at NU. The temperature dependent data for the

YbsFeGes crystal were obtained at NU for the whole temperature range.
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Table 6-1. Initial crystal data and substructure refinement data for YbsCrGesg.

Empirical formula Yb4CrGes
Formula weight 1324.88
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group Cmcm
Unit cell dimensions (A) a = 4.0994(5)
b=15.582(2)
¢ =3.9869(5)
Volume (A3) /Z 254.67(6) / 1
Density (calculated) (Mg/m3) 8.639
Absorption coefficient (mm-‘) 60.479
F(000) 560
0 range for data collection (°) 2.61 to 28.12

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.12°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

3
Largest diff. peak and hole (e.A )

-5<h<5,-19<k<19,-51<5
1363

195 [R(int) = 0.0347]

96.5 %

Full-matrix least-squares on F2
195/0/18

1.188

R; =0.0172, wR; = 0.0438

R =0.0175, wR; = 0.0439
0.0040(4)

1.032 and -1.270

/

|
“Ry =Z1IF0|'|FCI|/Z1FOI; wR) =I:ZwﬂF0|-|Fc|}2/ZMF0|2]/ 2;w= UozﬂFol}'
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Table 6-2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

2 3
(A x 10) for YbsCrGes.

Atom Wyck. X y z U(eq)a Occup.(%)
Yb 4c 0 3974(1) 2500 9(1) 1

Ge(1) 4c 0 533(1) 2500 14(1) 1

Ge(2) 4c 0 7523(1) 2500 31(1) 1

Cr 4c 0 1990(3) 2500 4(1) 0.25

aU(eq) is defined as one third of the trace of the orthogonalized Ulj tensor.

Table 6-3. Anisotropic displacement parameters (A% x 10°) for YbsCrGes

22

33

23

Atom 9] U U U U
Yb(1) 9(1) 12(1) 7(1) 0 0 0
Ge(1) 9(1) 27(1) 6(1) 0 0 0
Ge(2) 35(1) 14(1) 45(1) 0 0 0
Cr(1) 3(1) 9(2) 0(2) 0 0 0

233



Table 6-4. Crystal data and structure refinement data for YbsCrGes at 100.0(3) K.

Empirical formula Yb4sCrGes

Formula weight 1324.9

Temperature (K) 100.0(3)

Wavelength (A) 0.70926

Crystal system Triclinic

Space group Cl(apy)0
a=4.0919(5) a=90°

Unit cell dimensions (A) b=15.531(2) pB=90°
c=3.9745(5) y=90°

q-vector(1)

Volume (A%)/Z

Density aic (Mg/cm3)

Absorption coefficient (mm'l) / F(000)
Crystal size (mm3)

0 range for data collection (°)
Index ranges

Reflections collected

Independent reflections
Completeness to 6 = 25.72°
Refinement method

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

Final R indices [[>30(]) ]

R indices (all data)

Final R main indices [[>30(]) ]

R main indices (all data)

Final R 1% order satellites [I>30(I) ]
R 1% order satellites (all data)
Extinction coefficient

Tmin and Tpax coefficients
Largest diff. peak and hole (e.A™)

1/4a” + 1/4¢"
252.59(5)/ 1
8.7069(19)

60.408 / 561

0.46x0.21 x 0.12

4.03 to 32.9

-5<h<6,-23<k<23,-5<51<6,-1<m<1

4743

4011 [Rine = 0.0591]

95%

Full-matrix least-squares on F’

4011/0/173
2.08

Robs = 0.0556, wRyps = 0.1353
Ran = 0.0730, wRy; = 0.1402
Ryps = 0.0469, WR s = 0.1192
Ry = 0.0477, wRyy = 0.1196
Rbs = 0.0893, WRps = 0.1717
Ra" = 0.1283, WRa" =0.1791

0.041(5)

0.0056 and 0.0774

4.33 and -4.90

R =E|[Fo|-[Fc]l / ZIFol, WR ={E[W(Fo|” - [Fo)] / E[W(Fo[)]}
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Table 6-5. Atomic coordinates (x104), Fourier components of the displacive modulation
(x104) and equivalent isotropic displacement parameters (A2x104) for YbsCrGes at
100.0(3) K with estimated standard deviations in parentheses.

Atom Wave X y z Occupancy U(eq)

Yb(1a) 0 0 -3974 2549 1 5(1)
sin, 1 15 29(1) -37(5)
cos, 1 -65(4) 8(2) 77(4)

Yb(1b) 0 -2(1) 3974(1) 7500(1) ] 5(1)
sin, 1 -16(4) 23(1) 17(5)
cos, 1 73(4) 7(2) -76(3)

Ge(la) 0 33(9) -536(2) 2548(6) 1 6(1)
sin, 1 -15(10) 84(2) 15(8)
cos, 1 39(10) 13(5) -29(7)

Ge(1b) 0 31(9) 523(2) 7556(6) 1 6(1)
sin, 1 -12(10) 94(2) -67(9)
cos, 1 -12(10) 14(6) 70(8)

Ge(2a) 0 22(10) -7525(2) 2635(8) 1 17(1)
sin, 1 20(19) -19(2) 195(20)
cos, 1 -204(12)  -1(3) -351(16)

Ge(2b) 0 16(11) 7517(2) 7646(10) 1 22(1)
sin, 1 -85(30) -17(2) -165(20)
cos, 1 452(15) -4(3) 260(16)

Cr(1a) 0 -165(60)  -2059(12) 1995(60)  0.345(12) 1(1)
sin, 1 215(70) 80(16) 765(70)
cos, 1 75(40) 21(9) 185(60)

Cr(1b) 0 115(30) 2023(6) 7875(30)  0.182(10) 1(1)
sin, 1 145(40) 69(9) 345(30)
cos, 1 25(50) 27(11) 155(40)
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Table 6-6. Fourier components of the atomic thermal parameters modulation (x103) for
Yb4CrGes at 100.0(3) K with estimated standard deviations in parentheses.

Atom Wave Un U Uss Uiz Uiz U
Yb(la) 0 4(1) 6(1) 5(1) o(1) 2(1) 0(1)
sin, 1 2(1) 0(1) 0(1) 1(1) 0(1) 3(1)
cos, 1 -1(1) -2(1) 4(1) 3(1) -2(1) -3(1)
Yb(lb) 0 4(1) 6(1) 5(1) o(1) 2(1) o(1)
sin, 1 (1) -5(1) 1(1) 1(1) o(1) 2(1)
cos, 1 2(1) -1(1) -3(1) 0(1) 2(1) 2(1)
Ge(la) 0 5(1) 12(1) 2(1) 1(1) 1(1) 2(1)
sin, 1 -2(2) 0(2) 1(1) 3(1) 3(1) 1(1)
cos, 1 0(2) 3(1) -1(1) 0(1) 1(1) 1(1)
Ge(1b) 0 5(1) 12(1) 2(1) 1(1) 1(1) 2(1)
sin, 1 -3(2) -1Q2) -1(1) 2(1) 3(1) 1(1)
cos, 1 0(2) 1(1) 2(1) 2(1) 2(1) -2(1)
Ge(2a) 0 21(2) 5(1) 26(2) 4(1) -11(1) -3(1)
sin, 1 22(2) 2(1) -41(2) 0(1) -4(1) 4(1)
cos, 1 12(3) 4(1) -13) 5(1) 1(2) -4(1)
Ge2b) 0 19(2) 101) 372) 21)  -15(1)  9(1)
sin, 1 -28(3) 2(1) 55(2) 0(1) -2(2) 3(1)
cos, 1 -16(3) -3(1) 8(4) -4(1) -7(2) o(1)

Table 6-7. Fourier components of the occupational modulation for Yb,CrGeg at 100.0(3)
K with estimated standard deviations in parentheses.

Atom Wave Occupational component
Cr(la) sin, 1 0.39(2)

cos, 1 0.09(3)
Cr(1b) sin, 1 -0.430(18)

cos, 1 -0.12(3)
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Table 6-8(I). Bond lengths distributions [A] for YbsCrGes at 100.0(3) K with estimated
standard deviations in parentheses.

Atom A\{erage Minimum Maximum
Distance Distance Distance
Yb(1a) - Ge(l1a) 3.166(8) 3.101(7) 3.231(7)
Yb(1a) - Ge(1a) 3.182(8) 3.119(7) 3.246(7)
Yb(1a) - Ge(1b) 2.934(8) 2.914(8) 2.954(8)
Yb(la) - Ge(1b) x 2 2.966(7) 2.919(8) 3.009(8)
Yb(1a) - Ge(1b) 2.982(8) 2.940(7) 3.024(7)
Yb(la) - Ge(2a) x 2 3.041(8) 3.011(9) 3.071(8)
Yb(1a) - Ge(2b) 3.019(7) 2.989(7) 3.054(7)
Yb(1a) - Ge(2b) 3.095(7) 3.027(7) 3.159(7)
Yb(la) - Cr(1a) 3.00(3) 2.94(3) 3.06(3)
Yb(la) - Cr(1b) x 2 3.17(2) 3.09(2) 3.23(2)
Yb(la) - Cr(1b) 3.24(2) 3.16(2) 3.37(2)
Yb(1a) - Cr(1b) 3.29(2) 3.20(2) 3.44(2)
Yb(1b) - Ge(la) 2.930(7) 2.906(7) 2.956(7)
Yb(1b) - Ge(la) x 2 2.958(7) 2.923(7) 2.988(8)
Yb(1b) - Ge(1a) 2.975(7) 2.952(7) 3.001(7)
Yb(1b) - Ge(1b) 3.150(8) 3.068(7) 3.235(7)
Yb(1b) - Ge(1b) 3.168(9) 3.097(8) 3.241(7)
Yb(1b) - Ge(2a) 3.029(7) 2.969(6) 3.091(6)
Yb(1b) - Ge(2a) 3.096(7) 3.010(7) 3.184(7)
Yb(1b) - Ge(2b) x 2 3.050(10) 2.963(9) 3.142(9)
Yb(1b) - Cr(1a) 3.39(3) 3.15(4) 3.70(3)
Yb(1b) - Cr(1a) 3.21(3) 3.18(3) 3.23(3)
Yb(1b) - Cr(1a) 3.31(3) 3.12(4) 3.58(3)
Yb(1b) - Cr(1a) 3.15(3) 2.96(4) 3.31(4)
Yb(1b) - Cr(1b) 3.069(19) 3.00(2) 3.108(17)
Ge(la) - Ge(1b) x 2 2.579(8) 2.524(8) 2.632(8)
Ge(1a) - Ge(2b) 3.600(9) 3.409(8) 3.793(8)
Ge(1a) - Ge(2b) 3.644(9) 3.485(8) 3.803(8)
Ge(la) - Cr(1a) 2.38(3) 2.35(2) 2.43(3)
Ge(1b) - Ge(2a) 3.612(9) 3.374(7) 3.845(7)
Ge(1b) - Ge(2a) 3.646(9) 3.462(8) 3.825(8)
Ge(1b) - Ge(2b) x 2 3.719(11) 3.495(9) 3.939(10)
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Table 6-8(II). Bond lengths distributions [A] for YbsCrGes at 100.0(3) K with estimated
standard deviations in parentheses (continue from part I).

Atom Ayerage Minimum Maximum
Distance Distance Distance
Ge(1b) - Cr(1b) 2.35(2) 2.31(2) 2.369(18)
Ge(2a) - Ge(2b) x4  2.848(13) 2.467(12) 3.237(12)
Ge(2a) - Cr(1a) 2.26(3) 2.18(3) 2.34(3)
Ge(2a) - Cr(la) 2.16(3) 2.02(3) 2.31(4)
Ge(2a) - Cr(1b) 2.14(2) 1.80(2) 2.32(2)
Ge(2a) - Cr(1b) 2.22(2) 2.10(2) 2.29(2)
Ge(2b) - Cr(1a) 2.31(3) 2.134) 2.57(4)
Ge(2b) - Cr(1a) 1.94(3) 1.49(4) 2.30(4)
Ge(2b) - Cr(1b)x2  2.25(3) 1.96(3) 2.41(Q2)
Cr(1a) - Cr(1b) 2.88(4) 2.80(4) 2.97(4)
Cr(1a) - Cr(1b) 3.324) 3.27(4) 3.43(4)
Cr(1a) - Cr(1b) 3.18(4) 2.97(4) 3.29(4)
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Table 6-9. Crystal data and structure refinement data for YbsFeGeg at 100.0(3) K.

Empirical formula YbsFeGes
Formula weight 1328.7
Temperature (K) 100.0(3)
Wavelength (A) 0.70926
Crystal system Triclinic
Space group Cl(afy)0
a=4.07709) a=90°
Unit cell dimensions (A) b=15395(4) p=90°
c=3.95378) y=90°
q-vector(1) 0.225(2)a" + 0.269(2)c"
Volume (A%)/Zz 248.15(9) / 1
Densitycqc (Mg/cm®) 8.889(3)
Absorption coefficient (mm™")/F(000) 61.831/567
Crystal size (mm3) 0.22x0.12x 0.03
6 range for data collection (°) 3.92t031.63
Index ranges -6<h<6,-22<k<22,-6<1<5,-1<m<1
Reflections collected 3863
Independent reflections 3460 [Ri = 0.0601]
Completeness to 6 = 19.96° 93%
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 3460/0/ 168
Goodness-of-fit on F> 2.08
Final R indices [I>306(]) ] Robs = 0.0633, wRps = 0.1359
R indices (all data) Rait = 0.1307, wRqy = 0.1824
Extinction coefficient 1.08(17)
Tmin and Tpax coefficients 0.0065 and 0.1300
Largest diff. peak and hole (e.A™) 8.66 and -12.46

172

R = Z|[F|-[Fel| / ZIFo], WR = {[W(Fo” - [Fe[)’1/ Z[w(Fo[H1} ' and

w = 1/(c*(1)+0.00161%)
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Table 6-10. Atomic coordinates (x10*), Fourier components of the displacive modulation
(x10% and equivalent isotropic displacement parameters (A’x10%) for YbsFeGes at
100.0(3) K with estimated standard deviations in parentheses.

Atom Wave X y z Occupancy U(eq)

Yb(la) 0 0 -3974 2549 1 5(1)
sin, 1 15 12(2) 9(13)
cos, 1 -46(7) 8(3) -61(8)

Yb(1b) 0 1(2) 3984(1) 7502(3) 1 5(1)
sin, 1 -11(8) 11(2) -26(16)
cos, 1 57(6) 4(3) 85(9)

Ge(la) 0 10(17) -551(4) 2559(19) 1 8(1)
sin, 1 37(18) 66(7) -5(20)
cos, 1 44(17) 30(11) 65(20)

Ge(1b) 0 13(16) 531(4) 7558(18) 1 8(1)
sin, 1 -40(15) 43(6) -45(20)
cos, 1 -8(16) 18(8) -15(20)

Ge(2a) 0 33(17) -7486(3) 2635(20) 1 18(1)
sin, 1 25(30) 7(6) 25(40)
cos, 1 -145(20)  -29(6) 185(30)

Ge(2b) 0 22(18) 7572(4) 7625(20) 1 18(1)
sin, 1 -45(50) -79(10) -25(80)
cos, 1 265(20) -56(12) -475(30)

Fe(la) 0 -45(30) -2041(13)  2265(50)  0.37(2) 6(2)
sin, 1 35(60) 44(19) 185(80)
cos, 1 -65(50) 5(16) -85(80)

Fe(1b) 0 65(70) 2135(20)  7815(90)  0.22(2) 6(2)
sin, 1 105(90) 215(20) 585(100)
cos, 1 115(90) 65(40) 55(140)
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Table 6-11. Fourier components of the atomic thermal parameters modulation (x10°) for
YbsFeGeg at 100.0(3) K with estimated standard deviations in parentheses.

Atom Wave Un Uz Uss Ui, Uis Usys
Yb(la) 0 1(1) 8(1) 5(1) 1(1) 0(1) 5(1)
sin, 1 -3(1) 1(1) 4(1) -4(1) o) -1(1)
cos, 1 3(1) 2(1) -3(2) 2(1) 1(1) -1(1)
Yb(1b) 0 1(1) 8(1) 5(1) 1(1) o(1) 5(1)
sin, 1 0o(1) 1(1) 4(1) -1(1) 1(1) -1(1)
cos, 1 -1(1) o(1) 0(2) oc1) -1(1) 2(1)
Ge(la) 0 1(1) 17(1) 6(1) 1(1) 1(1) 7(1)
sin, 1 -7(2) 11(4) 5(4) -11(2) -6(2) 1(3)
cos, 1 3(3) 8(4) -12(4) 2(3) -1(2) 1(3)
Ge(1b) 0 1(1) 17(1) 6(1) 1(1) 1(1) 7(1)
sin, 1 -4(3) -2(3) 7(4) -6(3) -5(2) 0(3)
cos, 1 -4(2) -1(3) 11(3) -14(2) -3(2) -1(3)
Ge(2a) 0 17(1) 8(1) 28(2) 1(1) 6(1) 2(1)
sin, 1 9(3) -2(3) -22(4) -14(3) 2(3) 403)
cos, 1 4(4) -2(3) 07 -6(3) -13(3) 6(4)
Ge(2b) 0 17(1) 8(1) 28(2) 1(1) 6(1) 2(D
sin, 1 -9(4) 13(3) 29(6) 1(3) 7(3) 20(5)
cos, 1 -10(4) 12(3) 21(6) 3(2) 11(3) 27(4)

Table 6-12. Fourier components of the occupational modulation for YbsFeGeg at
100.0(3) K with estimated standard deviations in parentheses.

Atom Wave Occupational component
Fe(la) sin, 1 0.22(3)

cos, 1 0.06(4)
Fe(1b) sin, 1 -0.44(3)

cos, 1 -0.06(8)
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Table 6-13. Bond lengths distributions [A] for YbsFeGes at 100.0(3) K with estimated
standard deviations in parentheses.

Atom Ayerage Mi.nimum Maximum
Distance Distance Distance
Yb(la) - Ge(la)x2  3.167(16) 3.084(15) 3.250(15)
Yb(la) - Ge(1b)x 2  2.921(14) 2.887(14) 2.958(14)
Yb(la) - Ge(1b)x2  2.952(14) 2.938(14) 2.967(14)
Yb(la) - Ge(2a)x2  3.060(15) 3.045(15) 3.076(14)
Yb(1a) - Ge(2b) 3.07(2) 2.98(2) 3.15(2)
Yb(1a) - Ge(2b) 3.13(2) 2.92(2) 3.33(2)
Yb(1a) - Fe(la) 2.98(3) 2.93(4) 3.03(4)
Yb(la) - Fe(lb)x4  3.21(6) 3.20(5) 3.26(6)
Yb(1b) - Ge(la)x2  2.912(15) 2.874(15) 2.950(15)
Yb(1b) - Ge(la)x 2 2.942(15) 2.929(15) 2.956(15)
Yb(1b) - Ge(1b)x 2  3.132(15) 3.085(14) 3.178(14)
Yb(1b) - Ge(2a) 2.973(14) 2.942(15) 3.002(15)
Yb(1b) - Ge(2a) 3.039(14) 2.987(12) 3.094(12)
Yb(1b) - Ge(2b) x 2  2.98(2) 2.88(2) 3.08(2)
Yb(1b) - Fe(la)x2  3.32(3) 3.19(3) 3.45(4)
Yb(1b) - Fe(la)x2  3.21(3) 3.19(3) 3.22(3)
Yb(1b) - Fe(1b) 2.99(6) 2.69(7) 3.18(5)
Ge(la)- Ge(lb)x2  2.585(18) 2.545(18) 2.627(19)
Ge(1a) - Ge(2a) 3.606(19) 3.434(18) 3.776(19)
Ge(la)- Ge(2b)x2 3.49(2) 3.192) 3.79(2)
Ge(1a) - Fe(1a) 2.30(4) 2.24(4) 2.35(4)
Ge(1b) - Ge(2a) 3.621(17) 3.478(16) 3.766(16)
Ge(1b) - Fe(1b) 2.35(6) 2.20(5) 2.61(7)
Ge(2a) - Ge(2b) x4  2.86(3) 2.79(2) 2.92(2)
Ge(2a) - Fe(la) 2.19(3) 2.15(4) 2.23(4)
Ge(2a) - Fe(1a) 2.13(3) 2.04(3) 2.21(3)
Ge(2a) - Fe(1b)x2  2.15(6) 1.80(6) 2.35(6)
Ge(2b) - Fe(l1a) 2.21(4) 2.11(4) 2.30(4)
Ge(2b) - Fe(1a) 1.94(4) 1.65(4) 2.22(4)
Ge(2b) - Fe(lb)x2  2.25(5) 2.04(5) 2.40(5)
Fe(la) - Fe(1b) x 2 3.06(6) 2.81(6) 3.22(6)
Fe(la) - Fe(1b) x 2 3.24(7) 3.19(7) 3.28(6)
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Table 6-14. Crystal data and structure refinement data for Yb4sCoGegs at 100.0(3) K.

Empirical formula YbsCoGes
Formula weight 1331.8
Temperature (K) 100.0(3)
Wavelength (A) 0.71069
Crystal system Triclinic
Space group Cl(afy)0

Unit cell dimensions (A)

q-vector(1)
Volume (A% /Z
Density_aic (Mg/cm3)

Absorption coefficient (mm") / F(000)

Crystal size (mm3)

0 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.68°
Refinement method

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

Final R indices [[>30(]) ]

R indices (all data)
Extinction coefficient

Tmin and Tax coefficients
Largest diff. peak and hole (e.A™)

a=4.0542(7) a=90°
b=155153) p=90°
c=3.9402(6) y=90°
0.2276(6)a" + 0.2572(6)c’
247.84(7)/ 1

8.920(3)

62.722 /567

0.34x0.12x 0.02

4.01 to 29.13

-5<hss, -20<k<21, -5<I<S5, -1<m<l1
3473

2974 [Rin, = 0.024]

92%

Full-matrix least-squares on F?
2974/0/162

1.80

Robs = 0.0612, WRops = 0.2004
Ra =0.0780, wR,; = 0.2210
0.0160(5)

0.0245 and 0.2373

8.17 and -7.77

172

R = |[Fol-[Fcll / ZIFo, WR = {E[W(IFo| - [Fd*)] / E[w(Fo[ )]} and

w=1/(c*(1)+0.00639999981%)
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Table 6-15. Atomic coordinates (x104), Fourier components of the displacive modulation
(x104) and equivalent isotropic displacement parameters (A2x104) for YbsCoGes at
100.0(3) K with estimated standard deviations in parentheses.

Atom Wave X y z Occupancy  Ugq

Yb(la) 0 0 -3974 2549 1 4(1)
sin, 1 15 6(1) 18(5)
cos, 1 -32(3) 3(1) -47(3)

Yb(1b) 0 2(2) 3970(1) 7489(2) 1 4(1)
sin, 1 -15(3) 5(1) -18(5)
cos, 1 32(2) 3(1) 51(3)

Ge(la) 0 32(9) -543(3) 2598(7) 1 9(1)
sin, 1 -2(8) 37(2) -6(7)
cos, 1 11(8) 15(4) 37(6)

Ge(1b) 0 39(9) 523(3) 7606(7) 1 9(1)
sin, 1 -8(8) 42(3) (7)
cos, 1 -10(8) 16(4) -33(7)

Ge(2a) 0 35(9) -7521(2) 2752(7) 1 9(1)
sin, 1 74(12) -28(2) -96(10)
cos, 1 -88(11) 13) 77(11)

Ge(2b) 0 37(9) 7536(2) 7686(8) 1 a1
sin, 1 -83(195) -36(2) 125(20)
cos, 1 128(12) -2(4) -200(13)

Co(la) 0 -15(20) -1947(5) 2615(20) 0.3928 2(1)
sin, 1 35(20) 8(6) 25(20)
cos, 1 -39(19) -2(5) -58(15)

Co(1b) 0 -505(110)  2045(30)  8015(100) 0.1962 2(1)
sin, 1 -635(130)  75(40) 455(130)
cos, 1 -175(90) 18(18) 215(70)
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Table 6-16. Fourier components of the atomic thermal parameters modulation (x10°) for
YbsCoGes at 100.0(3) K with estimated standard deviations in parentheses.

Atom Wave Un Ui, Us; Uiz Ui Uy
Yb(la) 0 5(1) 1(1) 6(1) 0(1) 1(1) o1
sin, 1 o(1) 0o(1) 1(1) 0o(1) 1(1) 0o(1)
cos, 1 0(1) 0(1) -1(1) -1(1) -1(1) o)
Yb(1b) 0 5(1) 1(1) 6(1) o) 1(1) 0(1)
sin, 1 1(1) 0o(1) 0o(1) 0o(1) 0(1) ol
cos, 1 o) 0o(1) 1(1) 1(1) 1(1) 1(1)
Ge(la) 0 10(1) 10(1) 7(1) 1(1) 0(1) -1(1)
sin, 1 6(1) 3(2) 0o(1) -3(1) 1(1) -2(1)
cos, 1 4(2) -2(1) 0o(1) o(1) 1(1) 0(1)
Ge(1b) 0 10(1) 10(1) 7(1) 1(1) o) -1(1)
sin, 1 5(1) 1(2) 2(1) -3(1) 3(1) -2(1)
cos, 1 1(2) 2(1) o(n) -5(1) -1(1) -1(1)
Ge(2a) 0 10(1) 10(1) 7(1) 1(1) 0o(1) -1(1)
sin, 1 3(2) 1(2) -7(1) 0(1) -1(1) -1(1)
cos, 1 2(2) -1(1) -3(1) 4(1) 3(1) 4(1)
Ge(2b) 0 10(1) 10(1) 7(1) 1(1) o(1) -1(1)
sin, 1 -4(2) 2(2) 5(1) 1(1) o1 -2(1)
cos, 1 -2(2) 2(1) 5(2) 1(1) -3(1) 5(1)

Table 6-17. Fourier components of the occupational modulation for YbsCoGes at
100.0(3) K with estimated standard deviations in parentheses.

Atom Wave Occupational component
Co(1a) sin, 1 0.190(11)

cos, 1 0.07(2)
Co(1b) sin, 1 -0.240(14)

cos, 1 -0.09(3)
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Table 6-18(I). Bond lengths distributions [A] for YbsCoGeg at 100.0(3) K with estimated
standard deviations in parentheses.

Atom Ayerage Minimum Maximum
Distance Distance Distance
Yb(la) - Ge(la)x2  3.159(9) 3.122(8) 3.198(8)
Yb(1a) - Ge(1b) 2.894(8) 2.880(8) 2.908(8)
Yb(1a) - Ge(1b) 2.950(8) 2.936(8) 2.965(8)
Yb(1a) - Ge(1b) 2.916(8) 2.899(8) 2.933(8)
Yb(1a) - Ge(1b) 2.972(8) 2.957(8) 2.985(8)
Yb(1a) - Ge(2a) 3.025(9) 2.973(8) 3.076(8)
Yb(la) - Ge(2a) 3.043(9) 3.023(9) 3.064(8)
Yb(1a) - Ge(2b) 3.016(7) 2.942(7) 3.089(7)
Yb(1a) - Ge(2b) 3.111(7) 3.069(7) 3.152(7)
Yb(1a) - Co(1a) 3.146(12) 3.138(12) 3.155(12)
Yb(la) - Co(lb)x 2  3.22(6) 3.11(7) 3.39(7)
Yb(1a) - Co(1b) 3.41(6) 3.15(7) 3.74(6)
Yb(1a) - Co(1b) 3.04(6) 2.81(6) 3.22(7)
Yb(1b) - Ge(1a) 2.889(8) 2.872(8) 2.906(8)
Yb(1b) - Ge(la) 2.947(8) 2.933(8) 2.961(8)
Yb(1b) - Ge(1a) 2.906(8) 2.893(8) 2.920(8)
Yb(1b) - Ge(la) 2.963(8) 2.948(8) 2.979(8)
Yb(1b) - Ge(1b) 3.14009) 3.094(9) 3.186(8)
Yb(1b) - Ge(1b) 3.159(9) 3.120(8) 3.198(8)
Yb(1b) - Ge(2a) 2.973(5) 2.925(5) 3.021(5)
Yb(1b) - Ge(2a) 3.107(5) 3.099(5) 3.115(5)
Yb(1b) - Ge(2b) 3.002(9) 2.938(9) 3.066(9)
Yb(1b) - Ge(2b) 3.022(9) 2.988(9) 3.054(9)
Yb(lb) - Co(la)x 2  3.142(13) 3.094(13) 3.190(14)
Yb(1b) - Co(la)yx2  3.199(13) 3.192(13) 3.206(13)
Yb(1b) - Co(1b) 3.04(6) 2.97(7) 3.10(7)
Ge(la)- Ge(lb)x2  2.570(7) 2.554(7) 2.587(7)
Ge(1a) - Ge(2b) 3.555(9) 3.449(8) 3.657(8)
Ge(1a) - Ge(2b) 3.593(9) 3.458(8) 3.726(8)
Ge(la) - Co(1a) 2.178(14) 2.126(14) 2.229(14)
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Table 6-18(II). Bond lengths distributions [A] for YbsCoGeg at 100.0(3) K with
estimated standard deviations in parentheses (continue from part I).

Atom Ayerage Minimum Maximum
Distance Distance Distance
Ge(1b) - Co(1b) 2.35(6) 2.31(7) 2.44(7)
Ge(2a) - Ge(2b) x 2 2.847(11) 2.831(11) 2.864(11)
Ge(2a) - Ge(2b)x2  2.809(11) 2.635(11) 2.984(11)
Ge(2a) - Co(1a) 2.236(16) 2.185(16) 2.288(16)
Ge(2a) - Co(1a) 2.196(16) 2.161(16) 2.229(16)
Ge(2a) - Co(lb)x2  2.08(6) 1.83(5) 2.27(6)
Ge(2b) - Co(1a) 2.158(13) 2.063(14) 2.253(14)
Ge(2b) - Co(1a) 2.099(13) 2.030(13) 2.167(13)
Ge(2b) - Co(1b) 2.35(6) 2.24(7) 2.52(6)
Ge(2b) - Co(1b) 2.05(6) 1.74(7) 2.29(7)
Co(la)-Co(lb)x2  3.27(6) 3.24(7) 3.33(7)
Co(1a) - Co(1b) 3.40(6) 3.22(7) 3.66(6)
Co(la) - Co(1b) 3.10(6) 2.77(6) 3.35(7)
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Magnetic Measurements:

Magnetization measurements for YbsCrGeg and YbsFeGeg were conducted using a
Quantum Design MPMS SQUID magnetometer equipped with reciprocating sample
option (RSO) mode as well as a Quantum Design PPMS magnetometer at Materials
Science Division (MSD) facilities at Argonne National Laboratory (ANL), IL, USA. For
these measurements crystals were soaked in glacial acetic acid and soniqated for 2448
hrs, washed out with dried acetone and dried under the flow of nitrogen. Subsequently,
crystals were loaded randomly without grounding into gelatin capsules, mounted in a
plastic straw and affixed to the end of a carbon fiber rod. Temperature dependence data
were collected for both zero field cooled (ZFC) and field cooled mode (FC) between 2
and 400 K, with applied fields of 1 kG and 600 G for YbsCrGes and YbsFeGes,
respectively. A typical measurement consists of initial cooling from room temperature
(300 K) down to 2 K with no applied field, then the selected field is turned on and the
ZFC data are collected on warming, followed with the collection of the FC data on
cooling back to 2 K and with the applied field still on. Field dependent magnetic
measurements were acquired at 5 K with field sweeping from — 30 kG up to 60 kG for
YbsCrGes and at 2 K with field sweeping from 0 G up to 62 kG for YbsFeGes. The raw
data were corrected for the sample holder (straw) contribution. There were not magnetic

measurements performed for YbsCoGeg up to this point.
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X-ray absorption near edge spectroscopy (XANES):

X-ray absorption near edge spectroscopy (XANES) experiments were performed
in Sector 20, bending magnet beamline (PNC/XOR, 20-BM) of the Advanced Photon
Source at the Argonne National Laboratory, IL, USA. Measurements at the Yb Lj;-edge
and at ambient pressure were performed in the transmission mode using gas ionization
chambers to monitor the incident and transmitted X-ray intensities. A third ionization
chamber was used in conjunction with a copper foil to provide internal calibration for the
alignment of the edge positions. Monochromatic X-rays were obtained using a Si (111)
double crystal monochromator. The monochromator was calibrated by defining the
inflection point (first derivative maxima) of Cu foil as 8980.5 eV.* A rhodium-coated X-
ray mirror was utilized to suppress higher order harmonics. The YbsFeGes, YbsCrGes,
YbsCoGes samples were prepared by mixing an appropriate amount of finely ground
powder of each sample with BN powder (to minimize self-absorption) and cold pressing
them into a pellet. Most of sample preparation procedures were carried out inside a glove
box environment. Measurements were performed at a range of temperatures from 15 K to
300 K using a closed cycle refrigerator. Data reduction and analysis were performed

1.60

using Athena and Artemis software developed by Newville and Ravel.”” Care was taken

to minimize thickness effects in the measurements.

Heat Capacity:
Specific heat measurements of single crystals of YbsCrGeg were performed at
Northwestern University facilities with a Quantum Design PPMS commercial device in

the temperature range 2.96 — 50.8 K by relaxation method using the “Two-Tau Model”.®!
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Resistivity:

For YbsFeGeg electrical resistivity was determined using a six probe technique in
a standard *He gas flow cryostat, at Materials Science Division (MSD) at Argonne
National Laboratory (ANL). A current of 1 mA was applied along the length of a platelet-
like rod shaped crystal. Heating was avoided by reducing the current, and hysteresis,
caused by slight thermometer - sample temperature differences, was avoided by sweeping
the temperature slowly. More detailed experimental description can be found elsewhere.®

Data points were taken during the cooling cycle from 301.75 K to 2.29 K.

6-3. Results and Discussion
Reaction Chemistry:

The compound YbsCoGes was first discovered in a reaction that was initially
designed to optimize the In flux synthesis of the Yb;Co4InGe); phase, described in
Chapter 2, while YbsCrGes was found in an attempt to form the Cr analog of
Yb;Co4InGe,;. After a synthesis method was established for YbsCoGes and YbsCrGes
other 1* row transition metals were also employed in similar reactions in order to produce
more members in the YbsTMGeg series. When Fe, Ni and Mn substituted for Cr or Co
only Fe formed the targeted YbsFeGes compound. Additionally, attempts were made to
synthesize the Cr and Co members with Sn and Ga as fluxes instead of In in order to
bypass the formation of the main impurity product of YbInGe,.”>** Both alternative
fluxes did not succeed in producing the corresponding YbsTMGeg compounds.
Furthermore, Yb was substituted for Lu but another phase was formed which will be

reported in a future work. All three title ternary YbsTMGeg compounds stabilize in In
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flux, but in contrary to the systems presented in chapters 2-5, in this case In acts as a non-
reactive flux in reactions of the type Yb/TM/Ge/In and does not get incorporated into the
targeted product. Nevertheless, YbsTMGeg compounds form mainly as platelet-like
silvery metallic rods while some crystals grow in an irregular shape. From the three
analogs usually YbsCrGes crystals grow in larger size. Figure 6-1 gives scanning electron

micrographs of some typical YbsTMGeg crystals.

2850 ' 20
250 pm 250 pm

250 um

Figure 6-1. Scanning Electron micrograph (SEM) images of flux-grown crystals of (A)
Yb4CrGeg, (B) YbsFeGeg and (C) YbsCoGes.
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Structure:
(A) Substructure

The new intermetallic YbsTMGeg (TM = Cr, Fe and Co) average structure is
closely related to the CeNiSi; structure type (orthorhombic Cmcm space group), with the
Yb and Ge atoms occupying the Ce and Ge positions, respectively, and TM adopting the
Ni sites with the difference that in the title compounds the TM is only partially occupied
while in the prototype there is no deficiency on the corresponding Ni site. Due to the
similar substructure of all three title compounds only the YbsCrGes one is described. The
overall substructure of YbsCrGeg (or YbCrp,sGe;) as viewed down the a-axis is
illustrated in Figure 6-2. The bonds to the Yb atoms were omitted to emphasize the three-
dimensional (3D) [Cr,4Ge(2);] framework and its channels. In YbsCrGes, all of the Yb,
Cr and Ge atoms are located in alternating layers stacked along the long b-axis in the
sequence: Yb-Cr-Ge(2)-Cr-Yb-Ge(1)-Ge(1)-Yb-Cr-Ge(2)-Cr-Yb. The structure can also

8366 (see Figure 6-2)

be described as an intergrowth of distorted PbO- and CrB-type layers
with the Yb atoms residing within the channels formed by the connection of the two
layers, see Figure 6-3. Detailed descriptions of the two structural fragments are given
below.

The distorted PbO-type slab contains the Cr and Ge(2) atoms. In this, the
tetrahedrally coordinated (by 4 Cr atoms) Ge(2) atoms form a 2-dimensional (2D)
quadratic sheet that extends in the ac-plane (Figure 6-4(A)) and is capped by Cr atoms
alternatively above and below this plane, thus forming a puckered overall layer, see

Figure 6-4(B). The CrB-type layer on the other hand, is composed of Yb and Ge(1) atoms

in the Cr and B positions, respectively. In this, the Ge(1) atoms form one dimensional
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(1D) infinite zigzag chains propagating along the c-axis, Figure 6-2. The Ge(2) square
sheets and Ge(1) zigzag chains, described above, are bridged by the Cr atoms along the
b-axis thus building the 3D [Cr;;sGe(2),;] open framework. The connection of the two
layers creates channels that extend down the c-axis, and each of them accommodates a
pair of Yb columns, see Figure 6-3. The connection of the two layers with Cr — Ge(1)
bonds makes for a 5 coordinate (4 Ge(2) and 1 Ge(1) atom) distorted square pyramidal
geometry for the Cr atoms, and 3 coordinate (2 Ge(l) and 1 Cr atom) trigonal planar
arrangement for the Ge(1) atoms. This is a common geometry in intermetallic compounds

when one neglects the RE contacts.

(B) Superstructure

Supercell reflections were observed in the reciprocal space due to the modulation
of the Ge atoms in the extended square net. A superspace crystallographic approach was
necessary since most of the distortions were incommensurate in respect to the underline
lattice. The YbsTMGes (TM = Cr, Fe, Co) family adopts the C1(afy)0 superspace group.
The g-vector for YbsCr;.xGes is commensurate and along the ac-plane in the form 1/4a*
+ 1/4c*. The q-vectors for YbsFe,.«Ges and YbsCo,..Ges are incommensurate with
lengths 0.225(2)a" + 0.269(2)c” and 0.2276(6)a” + 0.2572(6)c" respectively. Interestingly,
the refinement suggested that the resulted vacancies in the a,c-layer of YbsTMGesg due to
the occupational modulation, are long range ordered (Tables 6-7, 6-12 and 6-17), see
Figures 6-5(A), 6-6(A) and 6-7(A) for YbsCrGes, YbsFeGeg and YbsCoGes,

correspondingly.
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The distortion creates a wide distribution of distances between the Ge atoms
within the net. Specifically, in YbsCrGeg the minimum Ge-Ge distance is 2.524(8) A and
the maximum 2.632(8) A. By choosing the bonding threshold to be 2.7 A, the Ge-net can
be seen as a sequence of dimers, Figure 6-8. In YbsFeGeg the minimum distance is
2.585(18) A and maximum 2.627(19) A whereas in YbsCoGeg these values are 2.570(7)

A and 2.587(7) A, respectively, see Figures 6-9 and 6-10.

PbO

CrB

Figure 6-2. The overall sub-structure of YbsCrGes as viewed approximately onto the b,c-

Plane. For clarity the bonds to the Yb atoms are not drawn.
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Figure 6-3. The overall sub-structure of YbsCrGes as viewed approximately down the c-

axis. For clarity the bonds to the Yb atoms are not drawn.

=

(A)

Figure 6-4. (A) Projection of a fragment of the [Cr;4Ge(2);]: PbO-type layer onto the
a,c-plane (B) a rotated view of the [Cr;,sGe(2);]: slab where the puckered form of the

layer is emphasized.
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(B)

cutoff is 2.7 A. (B) a rotated view of the a,c-plane where the puckered form of the layer
256

Figure 6-5. (A) Projection of a fragment of a modulated a,c-layer for YbsCrGes.
Everything with less than 20% occupancy is plotted as a vacancy. The bond distance

is emphasized.
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(B)
cutoff is 2.7 A. (B) a rotated view of the a,c-plane where the puckered form of the layer

Figure 6-6. (A) Projection of a fragment of a modulated a,c-layer for YbsFeGes.
Everything with less than 20% occupancy is plotted as a vacancy. The bond distance

is emphasized.
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Figure 6-7. (A) Projection of a fragment of a modulated a,c-layer for YbsCoGes.
Everything with less than 20% occupancy is plotted as a vacancy. The bond distance
cutoff is 2.7 A. (B) a rotated view of the a,c-plane where the puckered form of the layer

is emphasized.
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Figure 6-8. The modulated Ge square net, described with Ge-Ge dimmers in YbsCrGes.
The Ge-Ge bonds were drawn within the cutoff distance of 2.7 A. The parallel to the
bonds numbers represent the Ge-Ge dimer bond lengths, whereas the horizontal numbers

represent other Ge-Ge distances.
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Figure 6-9. The modulated Ge square net, described with Ge-Ge dimmers in YbsFeGes.
The Ge-Ge bonds were drawn within the cutoff distance of 2.7 A. The parallel to the

bonds numbers represent the Ge-Ge dimer bond lengths, whereas the horizontal numbers

represent other Ge-Ge distances.
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Figure 6-10. The modulated Ge square net, described with Ge-Ge dimmers in YbsCoGes.
The Ge-Ge bonds were drawn within the cutoff distance of 2.7 A. The parallel to the
bonds numbers represent the Ge-Ge dimer bond lengths, whereas the horizontal numbers

represent other Ge-Ge distances.
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Magnetic Measurements:

Yb,CrGeg. Figure 6-11(A) shows the temperature dependence of the molar
magnetic susceptibility yn(7) of an YbsCrGes sample measured between 2 and 400 K

with an applied field of 1 kG. Data were collected for both zero field cooled (ZFC,

measured on warming) and field cooled (FC, measured on cooling) modes. The inset

displays the inverse molar magnetic susceptibility 1/y,(7) data versus the temperature.
As it can be seen, above 100 K YbsCrGes exhibits paramagnetic behavior and yn(7)
nicely follows the Curie — Weiss (CW) law y(T) = C/( T—(9p),67 where C = NA/ICffz/3kB =
‘Lleﬂ‘2/8 is the Curie constant and 6, is the Weiss temperature. A nonlinear least-squares fit

to this equation of the data above 100 K, resulted in a Curie constant of C= 11, a Weiss

temperature of 6, ~ -122 K suggesting antiferromagnetic interactions between the Yb
pe p 28

atoms, and an effective moment of 4.7 ug / Yb atom. The estimated experimental s
value is somewhat increased with respect to that expected for a free Yb** ion (4.54 up).
The increased value could be possibly due to either polarization of the conduction
electrons or to the contribution of the Cr 3d electrons to the overall magnetic moment. On

the other hand, below 100 K the y,,(7) data do not obey the CW law while below ~ 20 K
there is an abrupt change in the y,,(7) curves which is indicative of ferromagnetic phase

transition.

Figure 6-11(B) illustrates the field dependent magnetization data for YbsCrGes
measured at 5 K. Initially, the moments are rapidly aligned with the applied field
indicating a ferromagnetic state up to ~ 10 kG; at which point the magnetization starts

increasing more slowly as the material passes from the ferromagnetic into the
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paramagnetic state. The magnetic response remains linear up to the highest attainable
field of 60 kG, which is not enough to saturate the spins.

YbsFeGes. Figure 6-12(A) shows the temperature dependence of the molar
magnetic susceptibility ym(7) and the inverse susceptibility 1/yn(7) of an YbsFeGes

sample measured between 2 and 400 K with an applied field of 600 G. Data were
collected for both zero field cooled (ZFC, measured on warming) and field cooled (FC,

measured on cooling) modes. As it can be seen, above 100 K YbsFeGes exhibits

paramagnetic behavior and y,,(7) follows the Curie — Weiss (CW) law y(7) = C/(T—0,,),67
where C = NA/lcffz/3kB = /lcfles is the Curie constant and 6, is the Weiss temperature. A
nonlinear least-squares fit to this equation of the 1/y,(7) data above 100 K, resulted in a

Curie constant of C = 15 and a Weiss temperature of 6, ~ -236 K suggesting strong

antiferromagnetic interactions between the Yb atoms. Largely negative 8, values may be

also indicative of mixed-valence systems.’®®® Additionally, the estimated experimental
effective moment ur value of 5.5 ug / Yb atom, is greater than the expected for a free

Yb** ion (4.54 ug). The increased value could be possibly due to either polarization of the
conduction electrons or to the contribution of the Fe 3d bands electrons to the overall

magnetic moment. Perhaps, future neutron diffraction experiments could give some more

insight in the nature of the increased pesr value. It should be also noted at this point that

the ue¢r given here is only at a rough approximation above 100 K, since at it will be seen
in the XANES measurements described below the Yb valence seems to be constantly

changing with the temperature. Nevertheless, below 100 K the y,(T) data do not obey the

CW law while below ~ 12 K there is an abrupt change in the y,(7) curves which is
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indicative of ferromagnetic phase transition and a hysteresis between ZFC and FC modes
occurs below ~ 4K, as it can be seen in the lower temperature y,,(7) data, given in Figure

6-12(B). Additionally, at ~ 2.6 K there is a small peak in the ZFC curve. Figure 6-13(A)
illustrates the field dependent magnetization data for YbsFeGeg measured at 2 K. The
magnetization increases roughly linear up to the highest attainable field of 62 kG, which
is not enough to saturate the spins.

Additional magnetic measurements for YbsFeGes were carried out on a low field
SQUID magnetometer on a sample consisting of randomly oriented crystals. Figure 6-
13(B) shows the magnetic susceptibility (M/H) data for both ZFC and FC configurations
for 10 G of applied field measured in a temperature range of 4.2 — 65 K. As it has been
observed in the higher field measurements described above, YbsFeGes undergoes a
ferromagnetic transition at a temperature of ~ 11 -12 K. At this low field though, we see
some additional features. At ~ 35 - 20 K there is a broad hump in FC curve and a
hysteresis between ZFC and FC data starts to occur, which becomes significant below ~
10 K. Furthermore, at ~ 7.5 K the ZFC data exhibit an additional peak while below 5 K
both ZFC and FC curves show a sudden increase to higher moment values which could
be indicative of another transition taking place at a lower temperature. Low-temperature
neutron diffraction measurements could shed light on the subtleties of possible multiple

magnetic transitions.
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XANES Measurements at Ambient Pressure:

To further probe the Yb valence state in the YbsTMGeg (TM = Fe, Cr and Co)
compounds we performed X-ray absorption near edge spectroscopy measurements at the
Yb Lpi-edge. The near-edge spectra of YbsFeGes, YbsCrGes and YbsCoGesg samples
obtained at various temperatures within the temperature range of 15 — 300 K are given in
Figures 6-14, 6-15 and 6-16, respectively. All three compounds exhibit similar absorption
features. Particularly, the main absorption peak (white line) for all spectra is centered at ~
8948 eV, which is typical of trivalent Yb in Yb-based intermetallics.””"* The spectra also
reveal the presence of a weaker feature (shoulder) at ~ 8941-2 eV. This structure which is
~ 7 eV lower in energy relative to Yb** is attributed to divalent Yb atom.”®’* This
indicates that all three Yb materials can be classified as mixed-valence (MV) or
intermediate-valence (/V) compounds.

Another interesting observation in the XANES spectra is that the relative ratio of
the features at 8941-2 and 8948 eV varies with temperature. In particular, with decreasing
temperature the low-energy peak originating from Yb®* ion is gradually enhanced,
whereas the high-energy one originating from Yb** ion is progressively depressed. This
behavior, becomes even more apparent in the Figures 6-17 — 6-19, which give the
difference plots generated by subtracting the data collected at 100 and 300 K from the 15
K data for the YbsCrGes compound and by subtracting the data taken at 80, 160 and 300
K from the 30 K data for the YbsFeGeg and YbsCoGes compounds, respectively. The
amplified intensity at 8941-2 eV and concomitant decrease in intensity at 8948 eV reveals
the systematic conversion of Yb** to Yb** on cooling the sample. The estimated RMS

intensity error is ~ 0.003 for individual data points. This behavior establishes that in all
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three title compounds the average Yb valence changes continuously with temperature, a
characteristic of intermediate valence materials, and that the Yb®* state is more populated
at lower temperatures. Similar behavior was also observed in the quaternary
YbsTM;InGe;2 (TM = Co, Ni) compound presented in chapter 2, but with a smaller
degree of overall valence change between the room and low temperature, as well as in
other intermediate valence intermetallics such as in YbCus. Ga, series’” and in YbAl;,

YbCu,Si; and YbInCuy ™

Yb 4CrGe .

-
(&)

— 15K
-------- 100K |
— 300K

Normalized Absorption (a. u.)
o
'3, -

8932 8940 8948 8956
Energy (eV)

Figure 6-14. Yb L;;-edge absorption spectra of YbsCrGe;s at 15, 100 and 300 K.
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Figure 6-15. Yb Lj;-edge absorption spectra of YbsFeGes at 30, 80, 160 and 300 K.
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Figure 6-16. Yb Lj;-edge absorption spectra of YbsCoGeg at 30, 80, 160 and 300 K.
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Figure 6-17. Difference plots for YbsCrGeg generated by subtracting the data taken at

100 and 300 K from the 15 K data.
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Figure 6-18. Difference plots for YbsFeGes generated by subtracting the data taken at 80,

160 and 300 K from the 30 K data.
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Temperature Dependent Single Crystal X-Ray Diffraction Measurements:

As it was observed in the temperature dependent XANES experiments for all
three title compounds, there is an increase in amplitude of the feature at ~ 8941 eV,
which represents absorption from the divalent component of the mixed-valence materials,
indicating the lowering of the average Yb valence upon cooling. Considering the fact that
Yb** has a larger ionic radius comparing to Yb** one, this could potentially counteract the
normal lattice shrinkage observed on cooling a solid material and the total volume change
could become zero. In order to assess this hypothesis, we performed temperature
dependent single crystal X-ray diffraction experiments, where a refinement of the cell
parameters was performed at various temperatures for all three Ybs,TMGeg (TM = Cr, Fe,
Co) compounds.

Tables 6-19 to 6-22 include the temperature variation data of the cell parameters
for single crystals of YbsCrGes (for two crystals namely YbsCrGes_1 and YbsCrGes_2),
YbsFeGes and YbsCoGes measured within the temperature range of 10 — 320 K. For
YbsCrGes_1, YbsCrGes 2 and YbsCoGes crystals the data between 10 and 90 K were
collected with the diffractometer at ANL (MSD) facilities while the data between 100
and 300 K were obtained with the diffractometer at N.W. facilities. Data for YbsFeGes
were collected at N.W. for the whole temperature range. The Figures 6-20 — 6-23, show
the corresponding temperature dependence of the a,b,c axes as well as the volumes for all
four measured crystals. As it can be seen in Figures 6-20(A) and (B), the length of the a
and ¢ axes for both YbsCrGes crystals stays almost stable through the whole temperature
range. However, the b axis besides the small anomaly between 15 and 30 K, changes

slightly up to ~ 100 K but at higher temperatures it exhibits a regular linear dependence
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with temperature. The combination of the different temperature dependence between the
a,c and b axes results in an almost negligible volume expansion from 15 K up to ~ 100 K,
while above this temperature the volume shows normal positive thermal expansion with
roughly linear response to temperature, see Figure 6-21. The temperature variation of the
YbsFeGes cell parameters suggests similar behavior, see Figures 6-22(A) and (B). The a,c
axes remain basically temperature independent whereas the b axis even though it does not
change significantly up to ~ 120 K beyond this point it increases linearly with
temperature. This leads to a nearly zero thermal expansion for the cell volume within the
range of ~ 10 — 120 K and normal positive thermal expansion at higher temperatures.
Finally, similar temperature variation of the a,c and b cell axes for the YbsCoGes results
in very small changes of the volume cell until ~ 90 — 100 K, while it continuously

expands at higher temperatures, see Figures 6-23(A) and (B).
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Table 6-19. Temperature dependent cell parameters for YbsCrGes_2 crystal. Temperature
range of 15 — 90 K was measured at ANL and 100 - 300 K at NU.

Volume

Temp.| &) | Aa b (A) Ab | ¢cR) | Ac Ay | AV

X)
15 4.0811 | 0.00063 | 15.4605 | 0.00336 | 3.9636 | 0.00060 | 250.09 | 0.077

30 4.0791 | 0.00064 | 15.4762 | 0.00341 | 3.9624 | 0.00062 | 250.14 | 0.078

50 | 4.0791 | 0.00058 | 15.4750 | 0.00312 | 3.9635 | 0.00056 | 250.19 | 0.071

70 | 4.0788 | 0.00059 | 15.4716 | 0.00312 | 3.9636 | 0.00056 | 250.12 | 0.071

90 4.0775 | 0.00059 | 15.4749 | 0.00318 | 3.9649 | 0.00057 | 250.18 | 0.073

100 | 4.0801 | 0.0006 | 15.4778 | 0.0019 | 3.9626 | 0.0006 | 250.25 | 0.05

120 | 4.0805 | 0.0004 | 15.4814 | 0.0019 | 3.9632 | 0.0006 | 250.37 | 0.05

140 | 4.0810 | 0.0005 | 15.4863 | 0.0019 | 3.9640 { 0.0005 | 250.53 | 0.05

160 | 4.0808 | 0.0005 | 15.4895 | 0.0019 | 3.9645 | 0.0006 | 250.60 | 0.05

180 | 4.0815 | 0.0004 | 15.4928 | 0.0019 | 3.9652 | 0.0005 | 250.73 | 0.05

200 | 4.0822 | 0.0004 | 15.4977 | 0.0018 | 3.9663 | 0.0005 | 250.93 | 0.05

220 | 4.0823 | 0.0004 | 15.5026 | 0.0019 | 3.9664 | 0.0005 | 251.02 | 0.05

240 | 4.0824 | 0.0005 | 15.5045 | 0.0019 | 3.9667 | 0.0006 | 251.07 | 0.05

260 | 4.0839 | 0.0005 | 15.5104 | 0.0019 | 3.9674 | 0.0006 | 251.31 | 0.05

280 | 4.0840 | 0.0005 | 15.5150 | 0.0019 | 3.9682 | 0.0006 | 251.44 | 0.05

300 | 4.0846 | 0.0004 | 15.5183 | 0.0018 | 3.9690 | 0.0005 | 251.58 | 0.05
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Table 6-20. Temperature dependent cell parameters for YbsCrGes_3 crystal. Temperature
range of 15 — 90 K measured at ANL and 100 — 300 K at NU.

Volume

Temp. | &) | Ad | &) | A6 | ch) | Ac | av

(Y]
15 4.0781 | 0.00074 | 15.4633 | 0.00276 | 3.9641 | 0.00065 | 249.98 | 0.076

30 4.0784 | 0.00079 | 15.4751 | 0.00300 | 3.9643 | 0.0010 | 250.20 | 0.095

50 4.0787 | 0.00062 | 15.4692 | 0.00236 | 3.9650 | 0.00081 | 250.17 | 0.074

70 | 4.0782 | 0.00064 | 15.4718 | 0.00241 | 3.9645 | 0.00083 | 250.15 | 0.076

90 | 4.0781 | 0.00062 | 15.4721 | 0.00234 | 3.9651 | 0.00081 | 250.18 | 0.074

100 | 4.0787 | 0.0006 | 15.481 | 0.0026 | 3.9622 | 0.0009 | 250.18 | 0.080

120 | 4.0786 | 0.0006 | 15.4822 | 0.0025 | 3.9623 | 0.0009 | 250.20 | 0.080

140 | 4.0782 | 0.0006 | 15.4873 | 0.0026 | 3.9626 | 0.0009 | 250.28 | 0.080

160 | 4.0792 | 0.0006 | 15.4922 | 0.0026 | 3.9624 | 0.0010 | 250.40 | 0.080

180 | 4.0793 | 0.0006 | 15.4928 | 0.0026 | 3.9636 | 0.0009 | 250.50 | 0.080

200 | 4.0794 | 0.0006 | 15.5021 | 0.0027 | 3.9636 | 0.0010 | 250.65 | 0.080

220 | 4.080 | 0.0006 | 15.5068 | 0.0026 | 3.9650 | 0.0010 | 250.86 | 0.080

240 | 4.0803 | 0.0006 | 15.5127 | 0.0026 | 3.9649 | 0.0009 | 250.97 | 0.080

260 | 4.0812 | 0.0006 | 15.5162 | 0.0026 | 3.9672 | 0.0010 | 251.22 | 0.080

280 | 4.0821 | 0.0006 | 15.5156 | 0.0027 | 3.9671 | 0.0010 | 251.26 | 0.080

300 | 4.0825 | 0.0006 | 15.5228 | 0.0026 | 3.9689 | 0.0010 | 251.51 | 0.080
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Table 6-21. Temperature dependent cell parameters for YbsFeGeg crystal. Whole

temperature range was measured at NU.

Volume

Temp.| &) | aa | bd) | ab | cd) | Ac Ay | Av

X)

10 | 4.0681 | 0.0008 | 15.4108 | 0.0024 | 3.9554 | 0.0006 | 247.97 | 0.07

20 4.0674 | 0.0008 | 15.4098 | 0.0024 | 3.9548 | 0.0006 | 247.88 | 0.07

40 4.0662 | 0.0008 | 15.4100 | 0.0024 | 3.9547 | 0.0006 | 247.8 0.07

60 | 4.0682 | 0.0008 | 15.4102 | 0.0023 | 3.9545 | 0.0006 | 247.92 | 0.07

80 4.0672 | 0.0008 | 15.4105 | 0.0024 | 3.9541 | 0.0006 | 247.84 | 0.07

100 | 4.0715 | 0.0008 | 15.4115 | 0.0025 | 3.9519 | 0.0006 | 247.97 | 0.07

120 | 4.0712 | 0.0008 | 15.4132 | 0.0025 | 3.9524 | 0.0006 | 248.01 0.07

140 | 4.0717 | 0.0008 | 15.4197 | 0.0025 | 3.9534 | 0.0006 | 248.21 0.07

160 | 4.0724 | 0.0008 | 15.4250 | 0.0025 | 3.9538 | 0.0006 | 24837 | 0.07

180 | 4.0723 | 0.0008 | 15.4298 | 0.0025 | 3.9542 | 0.0006 | 248.46 | 0.07

200 | 4.0727 | 0.0008 | 15.4333 | 0.0025 | 3.9551 | 0.0006 | 248.60 | 0.07

220 | 4.0734 | 0.0008 | 15.4374 | 0.0026 | 3.9560 | 0.0006 | 248.76 | 0.08

240 | 4.0737 | 0.0008 | 15.4452 | 0.0025 | 3.9574 | 0.0006 | 248.99 | 0.07

260 | 4.0748 | 0.0008 | 15.4500 | 0.0025 | 3.9582 | 0.0006 | 249.19 | 0.07

280 | 4.0754 | 0.0009 | 15.4567 | 0.0026 | 3.9591 | 0.0006 | 249.39 | 0.08

300 | 4.0744 | 0.0010 | 15.4597 | 0.0029 | 3.9610 | 0.0007 | 249.50 | 0.09

320 | 4.0747 | 0.0008 | 15.4647 | 0.0025 | 3.9608 | 0.0006 | 249.59 | 0.07
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Table 6-22. Temperature dependent cell parameters for YbsCoGeg crystal. Temperature
range 15 — 90 K measured at ANL and 100 - 300 K at NU.

Volume

Temp.| &) | aa | b)) | Ab | c@A) | Ac (&%) AV

K)

15 4.0523 | 0.0006 | 15.4885 | 0.0033 | 3.9395 | 0.0007 | 247.26 | 0.08

30 | 4.0514 | 0.0006 | 15.489 | 0.0034 | 3.9391 | 0.0007 | 247.19 | 0.08

50 | 4.0514 | 0.0005 | 15.4898 | 0.0026 | 3.9382 | 0.0005 | 247.14 | 0.06

70 4.0523 | 0.0006 | 15.4931 | 0.0034 | 3.9374 | 0.0007 | 247.23 | 0.08

80 | 4.0537 | 0.0006 | 15.4920 | 0.0023 | 3.9371 | 0.0006 | 247.25 | 0.07

90 | 4.0545 | 0.0006 | 15.4951|0.0022 | 3.9373 | 0.0006 | 247.36 | 0.06

100 | 4.0533 | 0.0006 | 15.4979 | 0.0022 | 3.9372 | 0.0006 | 247.32 | 0.06

120 | 4.0552 | 0.0006 | 15.5050 | 0.0023 | 3.9375 | 0.0006 | 247.57 | 0.06

140 | 4.0560 | 0.0006 | 15.5055 | 0.0023 | 3.9383 | 0.0006 | 247.68 | 0.06

160 | 4.0561 | 0.0006 | 15.5112 | 0.0025 | 3.9391 | 0.0007 | 247.83 | 0.07

180 | 4.0556 | 0.0006 | 15.5179 | 0.0022 | 3.9398 | 0.0006 | 247.95 | 0.06

200 | 4.0580 | 0.0006 | 15.5196 | 0.0023 | 3.9418 | 0.0006 | 248.25 | 0.06

220 | 4.0591 | 0.0006 | 15.5238 | 0.0023 | 3.9431 | 0.0006 | 248.47 | 0.06

240 | 4.0599 | 0.0006 | 15.5313 | 0.0023 | 3.9405 | 0.0006 | 248.47 | 0.06

260 | 4.0587 | 0.0006 | 15.5335 | 0.0023 | 3.9424 | 0.0006 | 248.55 | 0.06

280 | 4.0602 | 0.0006 | 15.5363 | 0.0023 | 3.9431 | 0.0006 | 248.73 | 0.06

300 | 4.0620 | 0.0006 | 15.5455 | 0.0023 | 3.9451 | 0.0006 | 249.12 | 0.06
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Figure 6-20. Temperature dependence of a,b,c cell axes for (A) YbsCrGes_2 and (B)

YbsCrGes_3 single crystals. Temperature range 15 — 90 K measured at ANL and 100 —

300K at NU.
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Heat Capacity Measurements for Yb4sCrGejy:
The temperature dependent specific heat from 2.96 to 50.8 K for Yb,CrGes is
shown in Figure 6-24. The compound seems to be a new Yb-based heavy fermion

compound. For the higher temperature range of ~ 10 — 23 K the data can be fitted to the

relation Cy(T)/T = y+ ﬁ72,28 where the linear and cubic terms correspond to the electronic

and lattice contributions to the specific heat, and 8 = (1944x10*)/n@p* with n = number
of atoms in formula unit and &, = Debye temperature. The fit resulted in an electronic
specific heat coefficient y~ 625 mJ / mol K? and a @, ~ 240 K. On the other hand for the
whole measured temperature range, the data can be described well by a Debye function
(1) where the first and second term correspond to the electronic and the phonon
contribution, respectively. N is the number of the atoms in the formula unit and x =

hw/ kB T.

3 ©p
_xdx

_KT3 1
. 1)

Cp(M)=9T+ 9NR( )

A fit to the experimental points resulted in a Debye temperature & of about 207

K, and an electronic specific heat coefficient y ~ 640 mJ / mol K?, which was determined
from y (= Cp / T)r-0 at low temperatures. Both methods of estimating the values of y

and@ are in a fairly good agreement and suggest that YbsCrGes in a new Yb-based
classic heavy fermion compound if one considers the arbitrary classification of these
compounds into “light”, “moderate” and classical heavy-fermions with y values lying in

the range of ~ 50 - 60, 100 - 400 and > 400 mJ / mol K? respectively. Nevertheless, this
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value of electronic specific heat is one of the highest reported for Yb-based heavy
fermion compounds that exhibit mixed-valence behavior as well; and compares well with

the ones found for example in YbPd’® and the family of the intermetallic compounds of

YbTM.Zny"® with  ranging at 520 — 740 mJ / mol K2.
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Figure 6-24. Heat capacity (Cp) for YbsCrGeg measured from 2.96 to 50.8 K. The

experimental data (circles) are fitted with Debye formula (1) (solid line).
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Electrical resistivity measurements for YbsFeGes:

The temperature dependence of the electrical resistivity o(7) of YbsFeGes
measured between 2.29 and 301.7 K at zero applied field, is given in Figure 6-25. The
resistivity of this material exhibits remarkable and quite unusual temperature dependence.
The resistivity data above ~ 140 - 150 K are almost temperature independent, between ~
140 — 50 K exhibit a broad curvature-like behavior while below 50 K the resistivity
shows a continuous and steep drop. Similar overall behavior of (T) has been observed
also in other mixed-valence compounds such as in CcIrZSiz,77 CeRhSiz,22 CezNi3Si5,78
CePd; ® YbPdBi¥® and YbCo,Ge,®' In these cases, this behavior of the resistivity was
suggested to be due to various processes as the onset of coherent effects or/and it could
reflect the interplay of Kondo and crystal-field interactions. The room value of p(300K) ~
162 uQ) cm reveals a rather moderate metallic behavior and it is of the same order of
magnitude as other known Yb-based intermediate-valence compounds."z'84 The d(p)/d(T)
curve exhibits a sharp change in the slope below 5 K which could be associated with the
sudden increase to higher magnetic susceptibility values that was observed at the same
temperature in low field measurements (10 G) for YbsFeGes described above and could

suggest a transition at lower temperature.
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Figure 6-25. Temperature variation of the electrical resistivity o(T) of YbsFeGes from

2.28 to 301.75 K with at zero applied field.

6-4. Conclusions

Single crystals of the ternary intermetallic compounds YbsTMGeg (TM = Cr, Fe
and Co) were obtained in reactions involving excess of liquid In metal. This an example
of a non-reactive behavior of In flux in the quaternary system of Yb/TM/Ge/In. The title
compounds have been found to exhibit very interesting structural features and physical

properties.
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We have successfully elucidated the new YbsTMGes (TM = Cr, Fe and Co)
superstructures by single crystal X-ray diffraction and (3+1) dimensional crystallography.
The refinements revealed both occupational and positional modulation along the a,c-
plane due to the modulation of the Ge atoms in the extended square net and the partial
occupation of the TM sites. The structural findings for YbsTMGes challenge the
correctness of the reported RETM,.,Ge; disordered compounds and reinforces the re-
investigation call made in the case of TbsFeGes which was also found to have a
modulated square net of the Ge atoms.'*

Magnetic properties measurements for YbsCrGes and YbsFeGeg revealed
ferromagnetic transitions for both compounds below 20 K. Curie-Weiss law fit to the
1/xm(T) data above 100 K, resulted in a somewhat increased s value comparing to the
expected theoretical value for a free Yb** ion;

Temperature dependent X-ray absorption near edge spectroscopy at the Yb Ly-
edge revealed double peaked spectra for all YbsTMGeg compounds indicating that the
title Yb materials can be classified as mixed-valence (MV) or intermediate-valence (/V)
compounds. In addition, the Yb’'/Yb®* average ratio changes continuously with
temperature and reaches smaller values when going from room temperature down to
lower temperatures.

The above XANES observation inspired us to perform temperature dependent
single crystal X-ray diffraction experiments in order to investigate for any possible
effects of the Yb valence fluctuation on the thermal expansion of the present materials.
Cell parameters refinements at a temperature range of 10 — 320 K, showed different

behavior with temperature between the a,c and b axes which resulted in an anomalous
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nearly zero thermal expansion of the cell volume up to ~ 100 — 120 K, depending the TM
in the YbsTMGejs systems and a normally observed positive thermal expansion at higher
temperatures.

Heat capacity measurements for Cr compound showed an enhanced electronic
specific heat coefficient y suggesting possible heavy-fermion behavior. Finally, resistivity
measurements for the Fe compound exhibited an unusual temperature dependence
behavior bearing similarities with the p(T) data reported for other mixed-valence
materials.

Due to the intriguing structural and physical properties exhibited by the title
compounds it will be of benefit to study more analogs of the YbsTMGej series in order to
examine the effect that the different employed transition metals could bring to the
properties of these compounds. This could perhaps shed more light to the phenomena
observed such as the nearly ZTE expansion behavior between 10 - 100 K, and right
substitution or doping of these materials could extend the temperature range of the ZTE
behavior. Discovering materials whose size does not change with temperature is a highly

active field of study, both for technological applications and fundamental understanding.
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CHAPTER 7
Exploratory Studies on the Ternary Systems RE/Cu/In and Yb/Ag/In

Employing In as Flux

7-1. Introduction

Among the large body of rare-earth intermetallics, the systems RE/CwX (X = In,
Ag, Au, Pd, Si, Sn, Sb etc.) especially with Ce and Yb as the RE, have received a lot of
attention, both in theory and experiment. Compounds of this type exhibit a great variety
of structural and physical properties'? which include anomalous negative thermal
expansion in CeCuyln,* long range magnetic order in YbCusAu and YbCu,Pd,>”
superconductivity and heavy fermion behavior in CeCu,Si,* ° and multiple successive
magnetic phase transitions in the series CesCuX (X = Sn, Sb, Pb)'o'I2

An especially interesting set of compounds are the YbCuy+xIn;.x This family has
shown both mixed and intermediate valency characterized by a first-order temperature-
induced isostructural valence phase transition as well as crossover from valence transition
to Kondo behavior >'" Additionally, it shows valence fluctuation induced by pressure or
alloying while it belongs (along with the YbCusMg analog) to the class of “light” heavy-
fermion systems.'®%

In a recent review, it has been demonstrated that molten metal fluxes are excellent
alternative to the conventional synthetic methods for the exploratory synthesis of new
rare earth intermetallic compounds.?' After our own successful investigations with Al and
Ga fluxes in the systems RE/TM/AI/Si or Ge and RE/TM/Ga/Si or Ge which resulted in a

22-30

numerous ternary and quaternary phases,” we have recently started employing molten
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In metal as a solvent in analogous systems. Within this work we have been able to isolate
the germanides REZanGe6_3 ! ,B-RENiGef 2 and YbsTMGes (TM = Fe, Cr, Co, described
in Chapter 6) where In acts as a non-reactive flux, as well as a number of intermetallic
compounds in which In gets incorporated into the products including RE4Ni;InGes,*
RE;Co4InGe 2, DysColnGes, Yb;AuGe,ln;, CeAuGeln, EuAuGeln, (described in
Chapters 3-5) and REAu,Ing *°

The diversity of interesting physical phenomena in the above RE/CwX
compounds motivated us to perform synthetic investigations in the systems RE/Cw/In and
RE/Ag/In with indium flux reactions. From these explorations we were able to synthesize
and characterize by single crystal X-ray diffraction as well as by high resolution powder
X-ray diffraction the crystal structure of the ternary RECug+xIne.x (RE= Ce, Nd, Sm, Gd,
Dy, Ho, Er, Yb) and YbAgssIngs; compounds. They all crystallize as a ternary
disordered variant of the ThMn; structure type (J4/mmm)*® in the orthorhombic Immm
space group. The RECus jIng 9 (RE = Y, Ce, Pr, Nd, Sm, Gd-Lu) compounds have been
previously reported to crystallize with the tetragonal ThMn,; type structure.’*® In these
compounds, which were studied by X-ray powder diffraction, the 2a sites are occupied by
the RE atoms, the 8/ positions are statistically mixed occupied by Cu+In (with less In),
the 8; positions are also mixed occupied by Cu+In (with less Cu) whereas the 8i sites are
occupied only by In. A later report described the compounds RECuglne (RE =Y, Ce, Pr,
Nd, Gd, Tb, Dy),*® which also crystallize in the tetragonal ThMn;, type structure.*® In this
work the materials were synthesized with arc-melting and were studied by single crystal
X-ray diffraction. Based on this work a proposed tetragonal model includes a split 8/

position of Cu/In with 50/50 occupancy. The rest 2a, 8f and 8i sites are occupied by RE,
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Cu and In only atoms, respectively. In this present work both tetragonal and
orthorhombic models were' examined and we propose that a distorted orthorhombic
model with two split CwIn sites as more correct to describe the RECug.xIne.x and
YbAgs 13Ing g3 compounds. Magnetic susceptibility measurements for these compounds
and X-ray absorption near edge spectroscopy for RE = Yb and Ce analogs have been

performed and will be discussed.

7-2. Experimental Section
Reagents:

The following reagents were used as purchased without further purification: RE,
(in the form of powder ground from metal chunks, 99.9%, Chinese Rare Earth
Information center, Inner Mongolia, China), Cu (~325 mesh, 99.5% Cerac, Milwaukee,
WI), Ag (pieces, 99.8% Alfa Aesar, Ward Hill, MA) and In (tear drops 99.99%

Plasmaterials, Livermore, CA).

Synthesis:

The RECug+xIng.x (RE = Ce, Nd, Sm, Gd, Dy, Ho, Er and Yb) and YbAgs isne 33
compounds were obtained by combining 1 mmol of the rare earth metal, 3 mmol Cu (or
Ag) and 15 mmol In in an alumina (Al,O;) crucible under an inert nitrogen atmosphere
inside a drybox. The crucible was placed in a 13 mm fused silica tube, which was flame
sealed under vacuum of 10™ mbar, to prevent oxidation during heating. The reactants
were then heated to 1000 °C over the course of 10 h, held at 1000 °C for 72 h, and cooled

to 50 °C over 36 h. To isolate the product from the excess In a quartz frit was placed in
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the open end of the Al;O; crucible, and then flame sealed in a new silica tube under
vacuum of 10 mbar. The tube was heated to 300 °C for 15 min, to ensure the excess In
was molten, and it was centrifuged for 5 min. This process was repeated three times to
remove as much excess In as possible. The remaining In was etched away by soaking in
glacial acetic acid and soniqation for 24 to 48 h. The crystalline product was rinsed with
acetone. Several crystals, which are usually metallic silver plates or polyhedrals
(occasionally reddish color due to Cu film covering the crystal’s surface) for the
RECug+xIne.x compounds and metallic silver rods for the YbAgs 3Ine g3 compound were
carefully selected for elemental analysis, structure characterization, magnetic
susceptibility measurements and X-ray near edge spectroscopy. Main reaction byproducts
for all RECug.+4Ine.« were unreacted In metal and the binary Culn as it was indicated by
EDS analysis which due to its very different crystal morphology was easily
distinguishable. The yields of the reactions were 65-85% with purity ranging from 70%

to 90% depending on the RE metal.

Elemental Analysis:

Semi-quantitative analysis was performed on several crystals of the compounds
using a JEOL JSM-35C scanning electron microscope (SEM) equipped with a Noran
Vantage Energy Dispersive Spectroscopy (EDS) detector. Data were acquired by
applying a 25 KV accelerating voltage and an acquisition time of 30 s. The EDS analysis
taken on visibly clean surfaces of HoCug 1,Ins g9 crystals gave the atomic composition of
7.9% Ho, 47.9% Cu and 44.2% In (HoCug Ins¢), which is in good agreement with the

results derived from the single crystal X-ray diffraction refinement. Similar
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stoichiometric ratios (small variation from 1/6/6 ratio) were determined for the other RE

analogs as well as the Ag one.

Single Crystal X-ray Diffraction:

Single crystal X-ray diffraction data of RECus+sIne.« for RE = Nd, Sm, Gd, Dy,
Ho, Er and Yb and of YbAgs 3lne 33 were collected at room temperature using a Bruker
SMART Platform CCD diffractometer with graphite monochromatized Mo Ka (1 =
0.71073 A) radiation. The SMART software was used for data acquisition and SAINT for
data extraction and reduction.®” The analytical absorption correction was applied using
the program SADABS*’ and the structures were solved by direct methods and refined
with the SHELXTL package.!! A STOE IPDS 2T diffractometer with graphite-
monochromatized Mo Ka (4 = 0.71073 A) radiation was used to collect single crystal X-
ray diffraction data for the CeCuglng, The X-AREA package suite*? was used for data
reduction and analytical absorption corrections and the structure was refined using the
SHELXTL package.‘" The structure of CeCuglng was solved first, and its atomic
coordinates were used as a starting model for the rest RECug.Ine.« analogs as well as for
YbAgs 1slne s3. Initially the structure was solved in the tetragonal space group of /4mmm

with one, almost equally occupied Cw/ln split site, see Tables 7-1 — 7-3. This refinement

2 3
resulted in relatively high temperature parameters for the Cw/lIn site (~ 17 A x 10 ) which

is much higher than the values of the other atoms. The structure was solved in the
orthorhombic space group of Immm with two almost equally occupied Cw/lIn split sites,
see Tables 7-1, 7-4 and 7-5. The disordered orthorhombic model resulted in a better fit

(reduced R-value and residual peaks, from 3,15% to 2.15%) and in a better agreement
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2 3
between the thermal factors (everything is close to the same average value ~ 8 A x 10).

In order to verify that this is characteristic for the entire sample and not just on few
selected single crystals and to eliminate the existence of twin artifacts present in the X-
ray data, we performed high resolution powder X-ray diffraction (PXRD) on the
CeCuglng compound. The PXRD data confirmed, as described in the next paragraph, the
disordered orthorhombic model with two split Cu/ln sites as the best solution, and is
chosen to describe the structure of the present compounds. The crystal data and structure
refinement details for the rest RECus..Ine.x analogs and for YbAg5,|gIn6_g3 are given in

Tables 7-6 — 7-25.

High Resolution Powder X-ray Diffraction:

High resolution powder X-ray diffraction data were collected at room temperature
using synchrotron radiation (A = 0.58919 A, 11-BM beam line at the Advanced Photon
Source (APS) at Argonne National Laboratory (ANL)). Fine powder of the sample was
packed in a kapton capillary which was rotated during data collection to minimize
preferential orientation of the grains. The Rietveld method*® was used for the structure
refinement using GSAS.* Cell parameters, atomic coordinates, isotropic thermal factors,
and occupancies were refined. Thermal parameters of atoms occupying (close to) the
same position were constrained to be the same. Furthermore, parameters for fitting the
background, scaling the datasets, and profiles were used. Impurities of Culn; and In were
found and their structures were fitted against the experimental data. Cu,;Ing was also
indentified as a minor impurity. Three peaks that belonged to that phase were simply

omitted from the refinement.

302



Several models were fitted against the experimental diffraction pattern in order to
investigate the disorder on the Cw/ln sites, see Figure 7-1. The agreement factors after the
refinement of the different models (Table 7-26) could not suggest which model is better
than the other one. Instead, the agreement of the refined occupancies against the
elemental analysis results and values of the thermal factors were used for evaluating the
refined models.

Initially, no disorder was assumed between the Cu and In sites (undistorted
orthorhombic model). Although the stoichiometry was close to the experimental one
(1:6:6) and the agreement factors acceptable, the isotropic thermal factors of Cu(1) and
In(3) were 0.0060(5) A2 and 0.088(1) A2 respectively (Table 7-27). These values were far
away from the average expected one (~ 0.04 A%) as observed for the other atoms in the
structure. Mixing the problematic sites with Cu and In was the only chemically
acceptable solution since no additional reflections were observed due to possible long
range ordering. This method yielded the orthorhombic distorted model #1. In this case,
the two disordered sites were assumed to be occupied by Cu and In at the same position
(Table 7-28, no split site). Noticeable, the values of the thermal parameters of the
distorted atoms were comparable to those of the other atoms in the model but the refined
occupancies were different from the ones obtained by elemental analysis. By splitting the
disordered sites, orthorhombic disordered model #2 (Table 7-29), the refined occupancies
converged to those found by elemental analysis and additionally the agreement factor (R
against F%) was improved of about 1%. (see Table 7-26).

Finally, two tetragonal models were tested. The first one, reported in Table 7-30,

contained one split site. Although thermal factors looked reasonable the refined
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occupancies were significantly different from the expected ones yielding a composition
rich in Cu. The second tetragonal model was taken from Poettgen et al.”’ (ICSD
#245709) in which each split site was occupied by both Cu and In. In this case, several

tries to refine the occupancies gave unphysical negative values for them.
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Figure 7-1. High resolution powder X-ray diffraction pattern for CeCugIng.
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Table 7-1. Crystal data and structure refinement data for CeCuglng in /4/mmm and Immm
space groups.

Empirical formula CeCuglng CeCuglng
Formula weight 1210.28 1210.28
Temperature (K) : 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Tetragonal Orthorhombic
Space group 14/mmm Immm
a(A) 9.2684(13) 5.4298(10)
b (A) 9.2684(13) 9.2636(12)
c(A) 5.4298(10) 9.2732(13
V(A3) 1z 466.44(13)/2 466.44(12) /2
Densitycac (Mg/m®) 8.617 8.617
Absorption coefficient (mm'l)/ F(000)  32.570/1052 32.570/1052
0 range for data collection (°) 3.11 to 31.89° 3.11 to 31.89°
-12<h<13 -8<h<8
Index ranges -12<k<13 -12<k<13
-8<1<8 -13<1<12
Reflections collected / unique / R(int) 2794 /258 /0.0535 2794/479/0.0502
Completeness to 8 (%) 98.9 98.8
Data / restraints / parameters 258/0/18 479/0/37
Refinement method Full-matrix least- squares on F2
Goodness-of-fit on F_ 1.258 1.226
Final R indices [>20(])] (R} / sz)a 0.0315/0.0711 0.0215/0.0437
R indices (all data) (R / sz)a 0.0327/0.0718 0.0240 / 0.0445
Extinction coefficient 0.0172(4) 0.0148(5)
Largest diff. peak and hole (e. A'3) 3.533 and -3.837 1.801 and -1.355

2 2.2 4 12
“R = Z||Fol-Fcll / ZIFol, wR = {E[w(F,|" - [Fc|) ]2/ Z[w(|Fol)]} ™ and calc w =1/
[62(Fo2)+(0.0219P)>+23.6403P] where P = (Fo +2F.>) / 3
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Table 7-2. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters

2 3
(A x 10") for CeCuglng in /4/mmm space group.

Atom Wyckoff X y z U(eq)”

Ce 2a 0 0 0 5(1)

Cu(1) 8f 2500 2500 2500 10(1)
In(1) 8i 3423(1) 0 0 11(1)
InQ) 8 0 20822) 5000 17(1) 52%
Cu(2) 8 0 -2004(5) 5000 17(1) 48%

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-3. Anisotropic displacement parameters (Az X 103) for CeCuglne in 14/mmm

space group. The anisotropic displacement factor exponent takes the form: -

2.2 2 11 12
2w [ha* U +.. +2hka*b*U ]

Atom Ull U22 U33 U23 UI3 UI2
Ce 4(1) 4(1) 7(1) 0 0 0
Cu(l) 10(1) 10(1) 11(1) 1(1) 2(1) 2(1)
In(1) 6(1) 8(1) 20(1) 0 0 0
In(2) 7(1) 35(1) 8(1) 0 0 0
Cu(2) (1) 35(1) 8(1) 0 0 0
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Table 7-4. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters

2 3
(A x 10") for CeCuglng in I/mmm space group.

Atom Wyckoff X y z U(eq)a

Ce 2a 0 0 0 4(1)

In(1) 4i 0 0 3423(1) 10(1)
In(2) 4g 0 3423(1) 0 10(1)
In(a) 4j -5000 0 -1959(5) 7(1) 52%
Cu(a) 4y -5000 0 -2305(7) 10(1) 48%
In(b) 4h -5000 -1954(5) 0 7(1) 52%
Cu(b) 4h -5000 -2302(8) 0 9(1) 48%
Cu 8k 2500 2500 2500 9(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-5. Anisotropic displacement parameters (A2 X 103) for CeCuglng in I/mmm space

2.2 2 11
group. The anisotropic displacement factor exponent takes the form: -2z [h a* U + ..

12
+2hka*b*U ]

Atom UII U22 U33 U23 Ul3 UlZ
Ce 6(1) 3(1) 3(1) 0 0 0
In(1) 19(1) 7(1) 5(1) 0 0 0
In(2) 19(1) 5(1) 8(1) 0 0 0
In(a) 6(1) 5(1) 11(1) 0 0 0
Cu(a) 10(1) 9(1) 11(2) 0 0 0
In(b) 6(1) 9(2) 6(1) 0 0 0
Cu(b) 11(1) 8(3) 8(1) 0 0 0
Cu 10(1) 9(1) 9(1) 2(1) 21) 1(1)
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Table 7-6. Crystal data and structure refinement data for NdCug j25Ins g75 and SmCuglng.

Empirical formula NdCug 125 Ins g75 SmCuglng
Formula weight 1214.40 1220.51
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group Immm Immm
a(A) 5.4388(7) 5.4329(9)
b (A) 9.2414(12) 9.2193(15)
c(A) 9.2472(12) 9.2212(15)
V(A3) 1z 464.78(10) /2 461.87(13) /2
Densitycaic (Mg/m’) 8.677 8.776
Absorption coefficient (mm'])/ F(000) 33.375/1056 34.322 /1060
0 range for data collection (°) 3.12t0 27.89 3.12t0 28.54
-7<h<7 -7<h<6
Index ranges -12<k <11 -11<k<12
-12<1<12 -12<1<12
Reflections collected / unique / R(int) 2493 /340/0.0460  2575/351/0.0379
Completeness to 8 (%) 97.1 959
Data / restraints / parameters 340/0/37 351/0/37
Refinement method Full-matrix least- squares on F2
Goodness-of-fit on F_ 1.257 1.271
Final R indices [>20(])] (R /wRZ)a 0.0301/0.0740 0.0177/0.0424
R indices (all data) (R, / sz)a 0.0309/0.0745 0.0179/0.0425
Extinction coefficient 0.40(2) 0.0036(2)

Largest diff. peak and hole (e. A'3) 2.443 and -2.797 1.390 and -1.213

y
Ry = Z|Fy|-|Fe |/ R ) R =[2wﬂFo|-IFc|}2/2w|F0|2]' 2 w=1/0?{F,
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Table 7-7. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters

2 3
(A x 10 )fOl' NdCu6,|25In5_375.

Atom Wyckoff X y z U(eq)a
Nd 2a 0 0 0 4(1)
In(1) 4i 0 0 3415(1) 9(1)
In(2) 4g 0 3415(1) 0 10(1)
In(a) 4 -5000 0 -1918(11)  6(1) 46%
Cu(a) 4j -5000 0 2270(14)  7(2) 54%
In(b) 4h -5000 -1918(10) 0 5(1) 47%
Cu(b) 4h -5000 -2277(13) 0 7(2) 53%
Cu 8k 2500 2500 2500 9(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-8. Anisotropic displacement parameters (A2 X 103) for NdCug 25Ins g7s. The

2.2 2 11
anisotropic displacement factor exponent takes the form: -2n[ha* U +

12
+2hka*b*U ]

Atom UII U22 U33 U23 Ul3 UIZ
Nd 21) 6(1) 4(1) 0 0 0
In(1) 14(1) 9(1) 5(1) 0 0 0
In(2) 14(1) 7(1) 8(1) 0 0 0
In(a) 1(1) 8(2) 8(4) 0 0 0
Cu(a) 4(2) 5(2) 12(6) 0 0 0
In(b) 21) 9(3) 5(2) 0 0 0
Cu(b) 32) 13(6) 5(2) 0 0 0
Cu 5(1) 11(1) 9(1) 2(1) 2(1) 21)
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Table 7-9. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters

2 3
(A x 10) for SmCuglng.

Atom Wyckoff X y y4 U(eq)a
Sm 2a 0 0 0 8(1)

In(1) 4i 0 0 3411(1) 13(1)
In(2) 4g 0 3411(1) 0 13(1)
In(a) 4j -5000 0 -1906(5) 9(1) 50%
Cu(a) 4y -5000 0 -2310(7) 11(1) 50%
In(b) 4h -5000 -1912(5) O 10(1) 50%
Cu(b) 4h -5000 -2301(8) O 13(1) 50%
Cu 8k 2500 2500 2500 13(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-10. Anisotropic displacement parameters (/3‘2 X 103) for SmCuglng. The

2.2 2 11
anisotropic displacement factor exponent takes the form: -2z [ha* U +

+2hka*b*U' ]
Atom Ull UZZ U33 U23 Ul3 U|2
Sm 8(1) 8(1) 8(1) 0 0 0
(1) 181y 114y 9(1) 0 0 0
m@) 190y 10y 1) 0 0 0
@@  9(1) 8(1) 12 o 0 0
Cu@  10()  120) 1@ 0 0 0
)  8(1) 142) o) 0 0 0
cub) 1) 163)  11(2) 0 0 0
Cu nay  1Ba) 1Ba 2) 21 21
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Table 7-11. Crystal data and structure refinement data for GdCueg7Inse; and
DyCug 23Ins 77.

Empirical formula GdCug o7Ins 93 DyCug »3Ins 77

Formula weight 1227.41 1232.66

Temperature (K) 293(2) 293(2)

Wavelength (A) 0.71073 0.71073

Crystal system Orthorhombic Orthorhombic

Space group Immm Immm

a(A) 5.4306(8) 5.4075(12)

b (A) 9.1954(13) 9.156(2)

c(A) 9.2014(13) 9.160(2)

V (A3) /1Z 459.49(11) /2 453.47(18) /2

Densitycyc (Mg/m’) 8.871 9.028

Absorption coefficient (mm’l)/ F(000) 35.326/1064 36.721 /1068

6 range for data collection (°) 3.13 t0 28.02 3.151028.16
-6<h<7 -7<h<7

Index ranges -11<k<11 -11<k<12
-12<1<12 -12<1<12

Reflections collected / unique / R(int)  2449/335/0.0371 2462 /337/0.0381

Completeness to 6 (%) 96.3 97.1

Data / restraints / parameters 335/0/37 337/0/37

Refinement method Full-matrix least- squares on F2

Goodness-of-fit on F 1.319 1.276

Final R indices [/>20(])] (R} / sz)a 0.0188/0.0435 0.0268 / 0.0646

R indices (all data) (R, / sz)a 0.0194 /0.0437 0.0269 / 0.0647

Extinction coefficient 0.0072(3) 0.0083(5)

Largest diff. peak and hole (e. A'3) 1.093 and -1.306 2.929 and -1.521

/
/

12
ARy = I|F,|-|F.|/ ZIF, | wR; =[ZwﬂF0|-|FC|}2/Zw|FO|2]' 2 w=1/c?{F,|}
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Table 7-12. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10°) for GdCug o7Ins g3.

Atom Wyckoff X y z U(eq)”

Gd 2a 0 0 0 4(1)

In(1) 4 0 0 3405(1) 15(1)
@)  4g 0 3405(1) 0 8(1)

In(@) 4 -5000 0 -18922)  13(1)49%
Cula) 4 -5000 0 23009)  11(1) 51%
In(b) 4k -5000 [18826) 0 12(1) 47%
Culb) 4k -5000 220509) 0 11(1) 53%
Cu 8k 2500 2500 2500 10(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-13. Anisotropic displacement parameters (A2 X 103) for GdCug ¢7Ins93. The

2.2 2 11
anisotropic displacement factor exponent takes the form: -2mx[ha* U +

+2hka*b*U' ]
Atom Ull U22 U33 U23 UI3 UIZ
Gd 8(1) 7(1) 8(1) 0 0 0
In(1) 18(1) 9(1) 10(1) 0 0 0
In(2) 18(1) 8(1) 11(1) 0 0 0
In(a) 8(1) (1) 12(2) 0 0 0
Cu(a) 12Q2) 72) 15(4) 0 0 0
In(b) 8(1) 8(2) 9(1) 0 0 0
Cub)  9Q2) 11(4) 10(2) 0 0 0
Cu 11(1) 12(1) 13(1) 2(1) 2(1) 21)
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Table 7-14. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10 ) for DyCug »3In; 77.

Atom Wyckoff X y z U(eq)a

Dy 2a 0 0 0 7(1)

In(1) 4i 0 0 3402(1) 11(1)
In(2) 4g 0 34035(1) 0 11(1)
In(a) 4 -5000 0 - -1889(9) 10(1) 47%
Cu(a) 4 -5000 0 -2284(14) 17(3) 53%
In(b) 4h -5000 -1863(9) 0 7(1) 42%
Cu(b) 4h -5000 -2265(12) 0 14(2) 58%
Cu 8k 2500 2500 2500 11(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-15. Anisotropic displacement parameters (A2 X 103) for DyCug23Ins77. The
2 2 2 11
anisotropic displacement factor exponent takes the form: -2m[ha* U +

12
+2hka*b*U |

Atom Ul 1 U22 U33 U23 UI3 UIZ
Dy 8(1) 5(1) 8(1) 0 0 0
In(1) 16(1) (1) 10(1) 0 0 0
In(2) 15(1) 7(1) 11(1) 0 0 0
In(a) 7(2) 6(1) 18(3) 0 0 0
Cu(a) 12(3) 7(2) 33(7) 0 0 0
In(b) 5(2) 73) 8(2) 0 0 0
Cu(b) 8(2) 23(5) 10Q2) 0 0 0
Cu 9(1) 10(1) 14(1) 3(1) 21) 2(1)
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Table 7-16. Crystal data and structure refinement data for HoCug;Insgy and
ErCus 231ns 77.

Empirical formula HoCug j1In;s g9 ErCug 23Ins 17
Formula weight 1235.09 1237.42
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group Immm Immm
a(A) 5.4192(11) 5.4106(10)
b(A) 9.1608(18) 9.1479(17)
c(A) 9.1601(18) 9.1529(17)
V(A3) 1Z 454.75(16) /2 453.03(15) /2
Densityczc (Mg/m®) 9.020 9.071
Absorption coefficient (mm™")/ F(000) 37.102/1070 37.772/1072
0 range for data collection (°) 3.14t028.14 3.15t0 28.47
-7<h<7 -7<h<7
Index ranges -12<k <11 -11 <k <11
-11<1<11 -11<1<11
Reflections collected / unique / R(int) 2286 /334/0.0546  2351/331/0.0492
Completeness to 8 (%) 96.8 93.2
Data / restraints / parameters 334/0/37 331/0/37
Refinement method Full-matrix least- squares on F ?
Goodness-of-fit on F- 1.262 1.245
Final R indices [>2a(1)] (R, /sz)a 0.0291/0.0709 0.0239/0.0612
R indices (all data) (R; / sz)a 0.0292/0.0710 0.0239/0.0612
Extinction coefficient 0.0105(7) 0.0071(5)

Largest diff. peak and hole (e. A'3) 1.712 and -3.126 2.111 and -2.218

1/
aR] =£1|Fo|'|Fc||/z1Fo|; wR) =[ZW{IF0|'IFcl}z/Zwipolz] 2; W=I/GZQF0|}

314



4
Table 7-17. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10 ) for HoCug ;1Ins g.

Atom Wyckoff X y z Ueq)”

Ho 2a 0 0 0 o1)
In(1) 4 0 0 3398(1) 12(1)
In2)  4g 0 3398(1) 0 12(1)
In@@ 4 -5000 0 (1869(7)  10(1) 48%
Cul@) 4 -5000 0 230310)  14(2) 52%
In(b) 4k -5000 221009) 0 22(2) 47%
Cu(b) 4h -5000 -1815(7) 0 2(1) 53%
Cu 8k 2500 2500 2500 12(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-18. Anisotropic displacement parameters (A2 X 103) for HoCug j1Ins g9. The

2.2 2 11
anisotropic displacement factor exponent takes the form: -2n[ha* U +

+2hka*b*U' ]
Atom Ull U22 U33 U23 U13 U|2
Ho 11(1) 9(1) 7(1) 0 0 0
In(1) 18(1) 11(1) 8(1) 0 0 0
In(2) 18(1) 11(1) 8(1) 0 0 0
In(a) 8(1) 10(1) 12(2) 0 0 0
Cu(a) 142) 10(2) 19(4) 0 0 0
In(b) 17(1) 38(4) 11(1) 0 0 0
Cu(b) 2(2) 1) 3(2) 0 0 0
Cu 12(1) 14(1) 11(1) 2A1) 2(1) 2(1)
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Table 7-19. Atomic coordinates (x 10 ) and equivalent isotropic displacement

. 2 3
parameters (A x 10 ") for ErCug 2;Ins 7.

Atom Wyckoff X y z U(eq)a

Er 2a 0 0 0 8(1)

In(1) 4i 0 0 3397(1) 11(1)
In(2) 4g 0 3397(1) 0 11(1)
In(a) 4 -5000 0 -1853(6) 8(1) 44%
Cu(a) 4j -5000 0 -2279(8) 13(1) 56%
In(b) 4h -5000 -1850(5) 0 8(1) 44%
Cu(b) 4h -5000 -2280(7) 0 12(1) 56%
Cu 8k 2500 2500 2500 11(1)

aU(eq) is defined as one third of the trace of the orthogonalized Uli tensor.

Table 7-20. Anisotropic displacement parameters (A2 X 103) for ErCug3lns77. The

2.2 2 11
anisotropic displacement factor exponent takes the form: -2ax[ha* U +

12
+2hka*b*U ']

Atom Ull U22 U33 U23 UI3 Ul2
Er 8(1) 6(1) 10(1) 0 0 0
In(1) 14(1) 8(1) 11(1) 0 0 0
In(2) 141) 7(1) 12(1) 0 0 0
In(a) 5(1) 5(1) 14(2) 0 0 0
Cu(a) 8(1) 7(2) 26(3) 0 0 0
In(b) 5(1) 9(2) 10(1) 0 0 0
Cu(b) (1) 20(3) 10(1) 0 0 0
Cu 8(1) 10(1) 15(1) 3(1) 2(1) 2(1)
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Table 7-21. Crystallographic data for YbCuglng and YbAgs 13Ing g3.

Empirical formula YbCuglng YbAgs 13lng 83
Formula weight 1243.20 1514.91
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group Immm Immm
a(A) 5.4034(8) 5.7410(5)
b(A) 9.2339(13) 9.735
c(A) 9.2311(13) 9.7352(9)
V(A Z 460.58(11) /2 544.10(7) /2
Densitycac (Mg/m®) 8.964 9.247
Absorption coefficient (mm")/ F(000) 38.195/1076 31.670/ 1295
0 range for data collection (°) 3.12t0 28.40 2.96 to 28.24
-7<h<7 -7<h<7
Index ranges -12<k<12 -12<k<12
-12<1<12 -12<1<12
Reflections collected / unique / R(int) 2601 /352/0.0446 2953 /394 /0.0397
Completeness to 8 (%) 97.5 96.6
Data / restraints / parameters 352/07/37 394/0/37
Refinement method Full-matrix least- squares on F2
Goodness-of-fit on F_ 1.210 1.324
Final R indices [>2a(])] (R} / sz)a 0.0182/0.0380 0.0176/0.0414
R indices (all data) (R, / sz)a 0.0185/0.0381 0.0178/0.0415
Extinction coefficient 0.0098(3) 0.0070(2)

Largest diff. peak and hole (e. A'3) 1.933 and -1.565 1.838 and -1.344

1./
aRl = 21|F0|'|FCII/ZIFO > WRZ =|:ZwﬂFo|'IFCI}Z/ZMFolz:l" 2; W=]/0'2ﬂFo|}
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Table 7-22. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10 ) for YbCuglns.

Atom Wyckoff X y v4 U (eq)a
Yb 2a 0 0 0 8(1)

In(1) 4i 0 0 3399(1) 11(1)
In(2) 4g 0 3399(1) 0 11(1)
In(a) 4y -5000 0 -1874(3) 11(1) 51%
Cu(a) 4j -5000 0 -2337(6) 12(1) 49%
In(b) 4h -5000 -1870(3) 0 23(1) 50%
Cu(b) 4h -5000 -2332(5) 0 9(1) 50%
Cu 8k 2500 2500 2500 12(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-23. Anisotropic displacement parameters (/’-‘x2 X 103) for YbCuglng. The

. 2 2 211
anisotropic displacement factor exponent takes the form: -2m[ha* U +

+2hka*b*U' ]
Atom Ull UZZ U33 U23 UI3 UIZ
Yb 7(1) 9(1) 9(1) 0 0 0
In(1) 13(1) 10(1) 11(1) 0 0 0
In(2) 13(1) 10(1) 11(1) 0 0 0
In(a) 7(1) 9(1) 16(1) 0 0 0
Cu(a) 9o(1) 10(1) 19(2) 0 0 0
In(b) 6(1) 13(1) 9(1) 0 0 0
Cu(b) 8(1) 172) 11(1) 0 0 0
Cu 9(1) 13(1) 14(1) 2(1) 2(1) 2(1)
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Table 7-24. Atomic coordinates (x 10 ) and equivalent isotropic displacement

2 3
parameters (A x 10 ) for YbAgs 1sIng g3.

Atom Wyckoff X y z U(eq)a
Yb 2a 0 0 0 13(1)
In(1) 4i 0 0 3460(1) 14(1)
In(2) 4g 0 3460(1) 0 14(1)
In(a) 4j -5000 0 -1996(16) 21(1) 73%
Ag(a) 4 -5000 0 -2370(20) 11(1) 27%
In(b) 4h -5000 -1983(17) 0 19(1) 68%
Ag(b) 4h -5000 -2350(20) 0 13(1) 32%
Ag 8k 2500 2500 2500 15(1)

aU(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

Table 7-25. Anisotropic displacement parameters (A2 X 103) for YbAgs islngss. The

2 2
anisotropic displacement factor exponent takes the form: -2m [h a*

12
+2hka*b*U ]

2 11
U +

Atom Ul 1 U22 U33 U23 UI3 UIZ
Yb 15(1) 12(1) 12(1) 0 0 0
In(1) 18(1) 11(1) 13(1) 0 0 0
In(2) 18(1) 13(1) 11(1) 0 0 0
In(a) 16(1) 10(1) 35(4) 0 0 0
Ag(a) 172) 7(2) 10(3) 0 0 0
In(b) 15(1) 33(4) 10(1) 0 0 0
Ag(b) 19(2) 14(3) 8(2) 0 0 0
Ag 12(1) 17(1) 17(1) 1) 4(1) 4(1)
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Table 7-26. Summary of the crystallographic agreement factors and refinement statistics

of the powder data for the different models.

Refined | Orthorhombic | Orthorhombic #1 | Orthorhombic #2 Tetragonal
values (undistorted) (distorted) (distorted) (distorted)
Formula CeCuglng | CeCus26(2)Ins 7a2) | CeCus os2)Ins.952) | CeCus s6(2)Ins.4402)
Rp 0.1006 0.1022 0.1018 0.1015
wRp 0.1212 0.1224 0.1215 0.1224
R (F?) 0.1014 0.1030 0.0948 0.1030
Parameters 52 59 61 46
x2 1.063 1.070 1.055 1.066

Table 7-27. Atomic coordinates and equivalent isotropic displacement parameters (A%)

for the orthorhombic undistorted model.

Atom X y z Occupancy Uiso (A%
Ce 0.0 0.0 0.0 1 0.0389(4)
In(1) 0.0 0.0 0.34039(30) 1 0.0411(7)
In(2) 0.0 0.34392(31) 0.0 1 0.0522(8)
In(3) 0.5 -0.2009(4) 0.0 1 0.088(1)

Cu(l) 0.5 0.0 -0.21156(34) 1 0.0060(5)
Cu(2) 0.25 0.25 0.25 1 0.0393(4)
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Table 7-28. Atomic coordinates and equivalent isotropic displacement parameters (A%)

for the orthorhombic distorted model #1.

Atom X y z Occupancy  Uiso (Az)
Ce 0.0 0.0 0.0 1.0 0.0389(4)
In(1) 0.0 0.0 0.3442(4) 1.0 0.0571(8)
In(2) 0.0 0.3409(4) 0.0 1.0 0.0360(6)
In(3) 0.5 0.0 -0.1954(4)  0.699(28) 0.051(1)
Cu(3) 0.5 0.0 -0.1954(4)  0.301(28) 0.051(1)
In(4) 0.5 -0.2186(4) 0.0 0.169(23) 0.029(1)
Cu(4) 0.5 -0.2186(4) 0.0 0.831(23) 0.029(1)
Cu(l) 0.25 0.25 0.25 1.0 0.0389(4)

Table 7-29. Atomic coordinates and equivalent isotropic displacement parameters (A%)

for the orthorhombic distorted model #2.

Atom X y z Occupancy  Uiso (A%
Ce 0.0 0.0 0.0 1.0 0.0399(4)
In(1) 0.0 0.0 0.3446(4) 1.0 0.0665(9)
In(2) 0.0 0.34183(32) 0.0 1.0 0.0301(5)
In(3) 0.5 0.0 -0.1998(5)  0.848(11) 0.050(1)
Cu(3) 0.5 0.0 -0.285(4) 0.152(11) 0.050(1)
In(4) 0.5 -0.1654(27) 0.0 0.125(10)  0.021(1)
Cu(4) 0.5 -0.2213(9) 0.0 0.875(10) 0.021(1)
Cu 0.25 0.25 0.25 1.0 0.0408(4)
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Table 7-30. Atomic coordinates and equivalent isotropic displacement parameters (A?)

for the tetragonal distorted model.

Atom X y z Occupancy Uiso (A%)
Cel 0.0 0.0 0.0 1.0 0.0374(4)
Cul 0.25 0.25 0.25 1.0 0.0392(4)
Inl 0.34272(10) 0.0 0.0 1.0 0.0463(3)
In2 0.0 -0.2230(5) 0.5 0.361(10) 0.0347(6)
Cu2 0.0 .0.1918(5) 0.5 0.639(10)  0.0347(6)

Magnetic Measurements:

Magnetic susceptibility measurements were carried out with a Quantum Design
MPMS SQUID magnetometer at Michigan State University facilities as well as at
Materials Science Division facilities at Argonne National Laboratory. Hand selected
crystals were ground into powder, which was then sealed in Kapton tape or a gel cup and
placed into the magnetometer. Temperature dependence data were collected between 2
and 400 K, with an applied field of 0.5 - 2 kG. Field dependent magnetic measurements

were acquired at 2 or 3 K with field sweeping from - 55 to 55 kG.

X-ray Absorption Near Edge Spectroscopy (XANES):

X-ray absorption fine Structure (XAFS) experiments were performed in Sector
20, bending magnet beamline (PNC/XOR, 20-BM) of the Advanced Photon Source at the
Argonne National Laboratory, IL, USA. Measurements at the Yb and Ce Ly;-edges (and

Ly-edges) for YbTMglng (TM = Cu, Ag) and CeCuglne were performed in the
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transmission mode using gas ionization chambers to monitor the incident and transmitted
X-ray intensities. A third ionization chamber was used in conjunction with a copper foil
to provide internal calibration for the alignment of the edge positions. Monochromatic X-
rays was obtained using a Si (111) double crystal monochromator. The monochromator
was calibrated by defining the inflection point (first derivative maxima) of Cr foil as 5989
eV (or Zn foil as 9660.8 eV for YbCuglng). A Rh-coated X-ray mirror was utilized to
suppress higher order harmonics. Measurements were performed at a range of
temperatures from 15 K to 300 K using a closed cycle refrigerator. XANES samples for
the Yb compounds were prepared by mixing an appropriate amount of the finely ground
Yb compound with hexagonal BN. The mixture was pressed to form a self-supporting
pellet. The CeCuglng sample was prepared by dusting finely ground sample on Kapton
tape and stacking around 4 layers together. All samples (in pellet and tape form) were
mounted on the cold finger of a closed-cycle refrigerator. Sample preparation procedures
were carried out inside a glove box environment. Data reduction and analysis were
performed using the Athena software.*’ Care was taken to minimize thickness effects in

the measurements.

7-3. Results and Discussion
Reaction Chemistry:

After the discovery of the LaCuslng compound*® which crystallizes in the
rhombohedral space group R-3c, we started employing other RE metals in the RE/Cw/In
system under similar experimental conditions. The substitution of La by various RE

atoms did not form RECuyIng analogs but instead led to the formation of the RECug.+xIne«
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(RE = Ce, Nd, Sm, Gd, Dy, Ho, Er and Yb) family of compounds which crystallize as a
variant of the ThMn,, type structure in the orthorhombic space group Immm.
Additionally, when Yb was employed as the RE atom and Cu was substituted for Ag the
YbAgs 13Ins g3 compound was formed which adopts the same structure type. Figure 7-
2(A) - (C) shows scanning electron micrographs of typical NdCug ;25Ins g75, SmCuglIng and

YbAgs 1slng g3 crystals, respectively.

25 um . ) jm

250 pm

Figure 7-2. Scanning electron micrographs of some typical flux-grown crystals of (A)
NdCug 125Ins 875 (B) SmCuglng and (C) YbAg5,|gIn6,g3, respectively.
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Structure:

The RECug:xIngx (RE= Ce, Nd, Sm, Gd, Dy, Ho, Er and Yb) series and YbAgelng
compounds crystallize as a disordered variant of the tetragonal ThMn,; type structure*” in
the orthorhombic Immm space group. Because of the isostructural nature of these
compounds the structure of ErCug;Ins;; analog will be only described. Figure 7-3,
shows the overall structure of ErCug ,3Ins 77 as viewed onto the b,c-plane. For clarity the
Cu(a) and In(b) atoms occupying the two split sites In(a)-Cu(a) and In(b)-Cu(b)
respectively have been omitted, as well as the bonds to the Er atoms. As it can be seen in
Figure 7-3, the structure can be described as being composed of alternating Er-In (A) and
Cu (B) slabs in a ABABA fashion and are stacked along the b-axis of the unit cell.

To describe the complexity of the atomic arrangement in this structure, it is useful
to break it into the two distinct alternating slabs mentioned above. In the (B) type of
layer, the Cu(b) and Cu atoms bond together to form corrugated Cu layers running along
the c-axis, see Figure 7-4. Within adjacent layers the Cu(b) and Cu atoms are in
alignment (i.e., they face each other). In the ac-plane of these layers, see Figure 7-5, Cu
atoms form isosceles triangles, with two equal Cu(b)-Cu edges of 2.666 A and one Cu-Cu
edge of 2.705 A. Adjacent triangles share corners forming distorted hexagonal polygons.
The Cu net could also be described as corrugated Kagomé-net like structure, see Figure
7-5.

On the other hand, in the (A) type slabs, the In atoms form homoatomic cages
with a hexagonal bipyramidal shape. These cages share the In(1) — In(1) edges (2.935 A)
building a chain that propagates along the a-axis, while neighboring chains are

interconnected through elongated In(a) — In(a) bonds (3.393 A) thus building a 2D In net,
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Figure 7-6. The cages within adjacent layers are not aligned. The Er atoms are found in
the void space between neighboring chains of In cages.

Another interesting feature, the coordination environment of the Er atoms is
depicted in Figure 7-7. The Er atom resides at the center of a cage which is a twenty atom
polyhedron with 6 tetragonal-rhombic and 24 trigonal faces. This is comprised of In
atoms forming a distorted hexagonal polygon on the equatorial plane with two In(a)-In(a)
bonds and four In(1)-In(a) (3.052 A), and two additional In(2) atoms in the axial
positions. Above and below the In polygon Cu atoms form puckered hexagonal polygons
made of two Cu-Cu and four Cu(b)-Cu bonds. The Cu and In polygons are staggered with
respect to each other. In Figure 7-8, the stacking of these polyhedral cages is highlighted.
The polyhedrons around the Er atoms are sharing the Cu corners along the diagonals of
the unit cell and two Cu(b)-In(a)-Cu(b)-In(a) tetragonal-rhombic faces along the a-axis,
to build the three dimensional framework of the ErCug 23Ins 77 compound.

The variation of the unit cell volume with the rare earth is plotted in Figure 7-9.
The decrease in volume as the RE radius gets smaller is regular, with the exception of
Yb. This indicates that the Yb ions in YbCuggssinsgss may be divalent, or in a
intermediate valence state which it would agree with the magnetic measurements and

XANES results given in the following paragraphs.
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Figure 7-3. The overall structure of ErCug);Ins; as viewed onto the b,c-plane. For

clarity the bonds to the Er atoms are not drawn.
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Figure 7-4. The corrugated Cu layers running parallel to the c-axis.

»
p e

Figure 7-5. [010] projection of the Cu net along the b-axis.
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Figure 7-6. Projection of the layer of In cages and Er atoms in approximately the a,c-
plane.

6 faces: tetragonal-rombic
24 faces: trigonal

Figure 7-7. The In-Cu polyhedral cage hosting the Er atom.
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Figure 7-8. Polyhedra representation of the ErCug »3Ins 77 structure.
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Figure 7-9. The variation of RECug:xIne.x unit cell volume across the rare-earth series.
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Magnetic Measurements:

Figure 7-10(A) displays the temperature dependence of the magnetic

susceptibility y,(7) and its inverse 1/y(7) of a sample of single crystals of CeCuglng
between 2 K and 360 K with an applied field of 2 kG. The inverse 1/yn(T) curve is linear
to temperature and is successfully fitted with the Curie-Weiss law, yn(T) = C / (T - 6p).
The effective magnetic moment of u.fr = 2.2 ug / Ce atom, was deduced from the Curie

constant C, (C = /leffz / 8). The extrapolation of the linear inverse susceptibility to zero
yielded a negative Weiss constant of 6, = - 7.8 K, indicating weak antiferromagnetic
interactions between the ions. The estimated experimental peg value is slightly reduced

with respect to the value expected for a free Ce®* ion (2.54 ug) which could mean that the
cerium ions in this compound may be in a mixed valence state Ce**/Ce*, or it could be
due to strong crystalline field effects which tend to split the J=5/2 ground state multiplet
of the Ce** jon. No magnetic ordering is observed down to 3 K. The magnetization of
CeCuglng as function of the field is given in Figure 7-10(B). The magnetization curve
responds linearly to the field up to ~ 44 kG while at higher fields the magnetization

increases linearly again but with a shallower slope.
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Figure 7-10. (A) Temperature dependent magnetic susceptibility ym(7) and its inverse
1/xm(T) for CeCuglng measured with an applied field of 2 kG. (B) Field dependent
magnetization measured at 3 K for CeCuglng.
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Figure 7-11(A) displays the temperature variation of the magnetic susceptibility

xm(7) and its inverse 1/ym(T) for NdCus 125Ins 375 between 3 K and 380 K with an applied
field of 1 kG. As it can be seen, the 1/y,(7) data do not display Curie-Weiss behavior

within the measured temperature range. However, fitting of the y,(7) data to the
modified Curie-Weiss law x(T) = o+ C / (T — 6,) for the temperature range of 65 — 340
K, resulted in a temperature independent component of yo = 7 x 10~ emwmol of Nd
atom, Curie - Weiss constant of 6, = -31 K suggesting antiferromagnetic interactions and
an effective moment of 2.5 ug / Nd atom. The estimated experimental u.¢r value is again
reduced with respect to that expected for a free Nd** ion (3.62 ug). Since, Nd ion is not
known to exhibit mixed valence behavior the reduced y.¢r value could be due to strong
crystalline field interactions. Additionally, Low Field magnetic measurements with a LF
SQUID magnetometer (Materials Science Division at Argonne National Laboratory) at
10 G of applied field indicated an antiferromagnetic transition at ~ 6 K, (data are not

provided). The field dependent magnetization curve measured at 3 K, increases in a linear

fashion with the applied field up to 55 kG, Figure 7-11(B).
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Figure 7-11. (A) Temperature dependent magnetic susceptibility ym(7) and inverse
1/¥m(T) data for NdCugzsInsgss measured with 1 kG of applied field. (B) Field

dependent magnetization measured at 3 K for NdCug 125Ins g75.
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The temperature variation of the magnetic susceptibility ym(7) for SmCuglne

measured between 2 K and 380 K and with an applied field of 0.5 kG is given in Figure
7-12(A). The ZFC (zero field cooled) and FC (field cooled) data exhibit a significant
hysteresis through the whole measured temperature range. This hysteresis suggests that
there is likely a ferromagnetic component present in the SmCuglng compound. The
inverse susceptibility data do not obey the Curie — Weiss law at any temperature range
whereas at the temperatures of Ty equal to 9, 5.5 and 3 K both ZFC and FC curves exhibit
antiferromagnetic like maxima. Figure 7-12(B) shows the field dependent magnetization
data measured at 2 K which indicate the existence of a ferromagnetic component in
SmCuglng. The moments align rapidly with the applied field up to ~ 0.1 kG whereas at
higher applied fields the magnetization continues to increase linearly but in a slower

mode.
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Figure 7-12. (A) Temperature dependent magnetic susceptibility yn(7) data for
SmCuglng measured with an applied field of 0.5 kG. (B) Field dependent magnetization
data measured at 2 K for SmCuglns.
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Temperature dependent magnetic susceptibility measurements for GdCuglne
carried out at the temperature range of 2 — 380 K and with an applied field of 1 kG are
given in Figure 7-13(A). GdCugIng exhibits similar behavior with SmCuglng The obvious
hysteresis between ZFC and FC data reveal the presence of a ferromagnetic component in
the compound, which remains ferromagnetic up to room temperature as it was confirmed
with the attraction of the material in the vicinity of a magnet. At the temperature Ty of ~
13 K a peak in both the ZFC and FC curves reveals an antiferromagnetic transition while
below this temperature both curves rise to higher values of susceptibility, suggesting
additional magnetic transitions could take place at a temperature lower than 2 K.
Supplementary experimental techniques like low field, low temperature magnetic
measurements or neutron diffraction experiments are required in order to further study
the magnetic behavior of this compound. The inverse susceptibility data do not obey the
Curie — Weiss law within the measured temperature range. The field dependent
magnetization data measured at 2 and 300 K can be found in Figure 7-13(B). The
magnetization curves at both temperatures exhibit strong field dependence at low fields
and at ~ 0.8 kG the slope continuously changes until ~ 4 kG. At higher applied fields the
magnetization increases linearly but with weaker field dependence. There is no sign of
saturation up to the highest attainable field and the data at 300 K show considerably

reduced moment compare to the 2 K magnetization data.
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Figure 7-13. (A) Temperature dependent magnetic susceptibility yn(7) data for GdCuglng
measured with an applied field of 1 kG. (B) Field dependent magnetization data
measured at 2 K (solid triangles) and 300 K (open circles) for GdCugIng.
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Temperature dependent magnetic susceptibility measurements performed on

DyCug »3Ins 77 are plotted in Figure 7-14(A). The maximum in the molar susceptibility

xm(T) curve indicates antiferromagnetic ordering with a Néel temperature, Tx. of 8 K.
Above 10 K, the inverse 1/y,(7T) curve is linear to temperature and is successfully fitted
with the Curie-Weiss law, x(T) = C / (T - 6,). The effective magnetic moment of peg =

11.6 ug / Dy atom, was obtained from the Curie constant C, (C = ,llcﬂ'z / 8). The observed

magnetic moment is somewhat increased compared to the calculated moment for the free-
ion value for Dy** (10.63 ug). The extrapolation of the linear inverse susceptibility to
zero yielded a negative Weiss constant of 6, = - 24.04 K, indicating antiferromagnetic
interactions between the ions. Figure 7-14(B) shows the field dependence magnetization
data of DyCug 23Ins 77, at 3 K. The magnetization shows a linear response to the applied
field up to 12 kG, at which point there is a reorientation of the spins, as it is apparent
from the kink point in the curve. Above this field the moment increases in a linear
fashion again but with a stronger dependence on the applied field. This reorientation
could be due to the transition from the paramagnetic into the antiferromagnetic state of

the compound. The system gives no indication of saturation up to 50 kG.
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Figure 7-14. (A) Temperature dependent magnetic susceptibility y,(7) and its inverse

1/xm(T) for DyCug »3Ins 77, measured at 1 kG field. (B) Field dependent magnetization at 3

K for DyCug 23Ins 77. The arrow indicates the reorientation of the spins.
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The temperature variation of the magnetic susceptibility y,(7) and its inverse
1/xm(T) for HoCug 11Ins g at the temperature range of 2 — 380 K and with an applied field

of 1 kG are given in Figure 7-15(A). The 1/y,(7) data do not display Curie-Weiss

behavior within the measured temperature range whereas the small hysteresis between
the ZFC and FC data suggests, as seen above for other members of the RECug+xIne.x

family of compounds, the presence of a ferromagnetic component in the compound.

Additionally, attempts to fit the y,(7) data with the modified Curie - Weiss law did not

result in a reliable u ¢ value. Figure 7-15(B) shows the field dependent magnetization

data at 2 and 300 K. The magnetization curve at 2 K exhibits a linear response to the field
up to ~ 6 kG while at higher fields the slope continuously changes with no sign of
saturation up to the highest attainable field. The data collected at 300 K reveal strong
field dependence up to ~ 0.4 kG whereas at higher applied fields the magnetization
increases linearly but with weaker field dependence which corroborates the existence of a
small fraction of a ferromagnetic component in the compound. The moment is
significantly reduced at room temperature compared to the moment observed at low

temperature.
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Figure 7-15. (A) Temperature dependent magnetic susceptibility yy(7) and inverse
1/xm(T) data for HoCug jIns 39 measured with 1 kG of applied field. (B) Field dependent
magnetization data measured at 2 K (open circles) and 300 K (solid rhombi) for
HoCug 11Ins g9. Inset: shows data at 300 K up to 35 kG of field.
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Temperature dependent magnetic susceptibility data for ErCug »3Ins 77 at 1 kG of
applied field are given in Figure 7-16(A). The yn(7T) data reveal an antiferromagnetic
transition at 7y of ~ 3.5 K, as shown in the inset of Figure 7-16(A). Above this

temperature the inverse molar magnetic susceptibility curve 1/y,(7) follows the Curie-

Weiss law with a calculated effective magnetic moment ueir = 9.51 ug, which appears to

be slightly higher than the theoretical value of 9.59 ug for Er’*. The magnetization curves
at 2 and 10 K for ErCug2;3Ins 77 can be found in Figure 7-16(B). The magnetization
measured at 2 K which is below the transition temperature 7y reveals a metamagnetic
behavior. There is a linear response to the field up to ~ 3 kG at which point there is a
reorientation of the spins and the moment increases linearly again but with stronger field
dependence. At ~ 25 kG the slope changes again and the moment starts saturating. At 55
kG of applied field the magnetization reaches ~ 90 % of the expected value for a free Er'
atom. In the data collected at 10 K, well above the transition temperature, the
magnetization increases linearly up to an applied field of ~ 25 kG, at which point the
slope continuously changes until approximately 35 kG when it becomes linear again,

though with a much shallower slope, up to 55 kG.
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Figure 7-16. (A) Temperature dependent magnetic susceptibility yn(7) and its inverse

1/xm(T) for ErCug 2;Ins 77. Inset: shows the antiferromagnetic peak at 3.5 K. (B) Field
dependent magnetization at 2 and 10 K for ErCug »3Ins 77.
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The temperature variation of the magnetic susceptibility y,(7) for YbCuglng
measured between 2 K and 380 K and with applied fields of 0.6 and 3 kG is given in

Figure 7-17(A). The yn(7) data at 3 kG could be fitted to the modified Curie-Weiss law
x(T) = xo+ C/ (T - 6p). A nonlinear least-squares fit to this equation resulted in yo = 8 x

10* emwmol of Yb atom, Curie - Weiss constant of §, = -0.9 K suggesting weak
antiferromagnetic' interactions and an effective moment u. of 0.4 ug / Yb atom (C = ,ucff2

/ 8). The estimated experimental yeg value is very small compared to that expected for a

free Yb>* ion (4.54 up) suggesting that the Yb atoms in the compound are predominantly
as Yb>* and only a small fraction present in the trivalent state. Additionally, the hysteresis
between the ZFC and FC data indicate, as seen above for other analogs, that probably
there is a small ferromagnetic component in the compound. The magnetization of
YbCuglng as function of the field at 2 K is given in Figure 7-17(B). The magnetization
curve shows a strong field dependent response up to ~ 12 kG at which point the slope
changes continuously until about 44 kG while at higher fields the magnetization shows
the first signs of saturation. At the highest attainable field of 56 kG the magnetization
reached a value of only 0.017 ug / Yb atom which is also suggestive of the existence of a

small amount of Yb** moments in YbCuglng
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Figure 7-17. (A) Temperature dependent magnetic susceptibility y,(7) data for YbCuglng
measured with applied fields of 0.6 kG (triangles) and 3 kG (circles). (B) Field dependent
magnetization data measured at 2 K for YbCuglng.
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The temperature dependence of the magnetic susceptibility yy,(7) and its inverse

1/xm(T) for a sample of randomly oriented single crystals of YbAgs slnes; measured
between 2 K and 400 K and with an applied field of 2 kG is given in Figure 7-24. The

1/xm(T) data do not obey the Curie — Weiss law. However, the y,(T) data could be fitted
to the modified Curie-Weiss law x(7) = xo + C / (T - 6,) and a nonlinear least-squares fit
to this equation resulted in yp= 16 x 10" emwmol of Yb atom, Curie - Weiss constant of
6p = -3.7 K suggesting antiferromagnetic interactions and an effective moment pe¢ of 1.5

us/ Ybatom (C = /leffz / 8). The estimated experimental u.¢s value is reduced compared to

that expected for a free Yb** ion (4.54 ) suggesting that the Yb atoms in the compound
are predominantly as Yb** and a small fraction present in the trivalent state. Additionally,
the hysteresis between the ZFC and FC data indicate, as seen above for other analogs,
that probably there is a small ferromagnetic component in the compound. The
magnetization of YbAgs 13lne g3 as a function of the field at 2 K is given in Figure 7-25.
The magnetization curve exhibits strong linear field dependence up to ~ 5 kG whereas at
higher applied fields the slope continuously changes until ~ 40 kG where it becomes

linear again. The field of 55 kG does not seem strong enough to saturate the spins.
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Figure 7-18. (A) Temperature dependent magnetic susceptibility yn(7) and inverse

1/xm(T) data for YbAgs slnes; measured with an applied field of 2 kG. (B) Field
dependent magnetization data measured at 2 K for YbAgs 1sIng g3.
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XANES Measurements:

To further probe the Ce valence state in CeCuglng we performed X-ray absorption
near-edge spectroscopy (XANES) measurements at the Ce Lj;-edge. The XANES on Ce
Lyi-edge represents the excitation of an electron from the 2p;; core level into the
conduction band so that it probes directly the electronic structure of the unoccupied
valence band.*® The energy variation of the normalized X-ray absorption at the Ce Ly
threshold obtained at temperatures of 16 and 300 K and at ambient pressure is depicted in
Figure 7-19. The spectrum of the tetravalent Ce in CeO; measured at 16 K is also
presented for comparison. The measured near-edge spectra did not present any
considerable difference between the two temperatures, suggesting that the Ce valence
remained stable in the measured temperature range. Nevertheless, in the presence of both
4f' and 4f° final states, the Ly-edge is comprised by two main structures (double peak)
approximately separated by 10 eV.** * As it can be seen in Figure 7-X, both spectra
show a single dominant absorption peak (white line resonance), centered at ~ 5726 eV. A
singly peaked edge structure in this energy region is attributed to trivalent Ce atoms,’'"**
(due to a 2py» —> (4f')5d electron transition). On the other hand, the tetravalent Ce in
CeO, gives a double peaked spectrum. Other intermetallic compounds where Ce (IV) is
present also exhibit double peak structure.’'>* The presence of single peaked spectrum
reveals that Ce is present exclusively in the trivalent state in CeCuglne. Thus, the XANES
experiments do not provide any evidence for the existence of valence fluctuations for the
Ce atoms. Examples of Ce-based intermetallic compounds exhibiting similar XANES

spectra include the ternary compounds CePtyNi,”! CePtSn,*? CeRu,Siz,*® CeAuln and

CeAuIn* to name just a few.
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X-ray absorption near-edge spectroscopy (XANES) measurements at the Yb Ly-
and Ly-edges for the YbCuelng compound were carried out at 16 K and 295 K. Due to
overlap of the Cu edge from the sample with the Yb L;;;-edge only the Ly-edge Ly-edge
(excitation of an electron from the 2p,, core level into the conduction band) spectra are
shown in Figure 7-20. The resulted L;;-edge spectra did not present any considerable
difference between the two temperatures, suggesting that the Yb valence remained stable
in the measured temperature range. The main absorption peak (white line) for both
spectra is centered at ~ 9676 eV, which can be assigned to divalent Yb. Relative to Yb*,
trivalent Yb exhibits a white line which is ~ 8 eV higher in energy. The spectra also
reveal the presence of a weaker feature (shoulder) at ~ 9684 eV, indicating that some
trivalent Yb is also present. This values compare relatively well with the literature.*

Finally, X-ray absorption near-edge spectroscopy (XANES) measurements at the
Yb Ly-edge were performed for the YbAgsIng compound at 18 K and 295 K. As it can be
seen in Figure 7-21, the near-edge spectra for both temperatures showed no significant
difference between the two temperatures, suggesting that the Yb valence remained stable
in the measured temperature range. The main absorption peak (white line resonance) of
the spectra for both temperatures is centered at ~8941.5 eV, which is attributed to
divalent Yb atoms while the presence of a weaker feature (shoulder) at ~8949.5 eV,

indicates that some trivalent Yb is also present.’®®

350



2.5 —
=
s 2
o
Q L
E 15 :-
S ;
E 1t :
5 :
E“ 05 :- —CeCu61n6 16K |
2 : = =CeCu In 300K
O . 6 6
< B EEEL D CeO, 16K
0‘ 1 1 N
5760 5780

5700 5720 5740
Energy (eV)

Figure 7-19. Lj;-edge absorption spectra of Ce in CeCuglng at 16 K (solid line) and 300

K (dashed line). The spectrum of CeO, at 16 K (dotted line) is also given for comparison.
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Figure 7-21. Lj;;-edge absorption spectra of Yb in YbAgelng at 18 K (solid line) and 295

K (dashed line).

7-4. Conclusions

Single crystals of the ternary RECug.«Ing.x (RE= Ce, Nd, Sm, Gd, Dy, Ho, Er, Yb)
and YbAgs slngs3 compounds were synthesized from reactions in liquid In. Similar
RE/Cu/In compounds with small stoichiometric variations have been synthesized in the
past by arc melting and powder X-ray and later single crystal X-ray diffraction studies
proposed tetragonal (/4/mmm) structural models with two mixed occupied Cu+In sites or
a split Cuw/In site with 50/50 probability. Our single crystal X-ray diffraction as well as

high resolution powder X-ray diffraction studies for the In flux grown single crystals of
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the RECugIngx series and YbAgs slne g3 indicated a distorted orthorhombic model
(Immm) as the best one to describe the structure of these compounds. We propose an
orthorhombic model with two Cw/In split sites statistically occupied.

Study of the magnetic properties of the title compounds revealed various
interesting magnetic behavior for the RECue.Iney series. The Ce, Dy and Er
corresponding compounds exhibited Curie-Weiss behavior above ~ 10K while the Dy
and Er ones showed antiferromagnetic peaks at ~ 8 and 3.5 K, respectively. For the Sm,
Gd and Ho analogs a hysteresis between the ZFC and FC magnetic susceptibility data as
well as the magnetization data suggested the existence of a ferromagnetic component in
the compound. The Sm compound exhibited also antiferromagnetic like maxima at 9, 5.5
and 3 K, additional experimental techniques such as neutron diffraction experiments are
also needed to clarify the possible multiple magnetic phases. The Gd compound showed
antiferromagnetic ordering at ~ 13 K. Finally the Nd and Yb magnetic susceptibility data

could be fitted with the modified Curie-Weiss law from which for the Yb analog we
found a small value of u. suggesting that the Yb atoms exhibit mixed or intermediate

valence behavior. Similar behavior was also observed for the YbAgs 13Ine 33 compound.
Finally, XANES experiments for the CeCuglng compound revealed that the Ce
atoms are in the trivalent state for both the low and high measured temperatures. The
XANES studies for YbCuglng and YbAgs 13lne 33 confirmed the magnetic measurements
in that the in these compounds the Yb atoms are in the mixed or intermediate valence

state with a high Yb**/Yb" ratio that stayed stable in the measured temperature range.
g y pe
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Chapter 8

Conclusions and Future Work

Throughout this dissertation In flux has proven to be a viable preparative tool and
an excellent alternative to the conventional synthetic methods for the exploratory
synthesis of new intermetallic compounds. Preliminary results from previous work in the
synthetic explorations of RE/TM/In/Ge systems indicated that indium acts mainly as a
non reactive flux with germanides in the same way that gallium acts as a non reactive
flux with silicides in the RE/TM/Ga/Si/systems. This is in contrast with the highly
reactive nature of molten Al in the systems RE/TM/AI/Si or Ge and molten Ga in the
systems RE/TM/Ga/Ge where the flux was readily incorporated into the final product
forming quaternary phases. However, the systematic investigations by utilizing In flux
reactions in the form RE/TM/In/Ge, presented in this dissertation, led to the discovery of
a number of quaternary phases that exhibit interesting structural features as well as
chemical and physical properties.

Specifically, we have performed explorations of the type RE/TM/Ge/In where
TM represents first raw transition metals such as Co and Ni and we have succeeded in
isolating the new quaternary compounds RE;Co4InGe);, YbsNisInGe,; and Dy4ColnGes.
Interestingly, only Dy, Ho and Yb form the RE;Co4InGe; phase and only Yb the
Yb;NisInGe;, one. Moreover, Dy,ColnGe; was produced in the same reaction as
Dy;Co4InGe;, but was not observed with the rest of the RE metals. On the other hand,
when the third raw transition metal of Au was employed under similar experimental

conditions it led to the formation of the quaternary compounds of Yb;AuGe;In;,
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CeAuGeln and EuAuGeln,. These results demonstrate the rich chemistry that can be
explored when differing the elements involved in In flux reactions.

The formation of many of these multinary compounds is often due exclusively to
the synthetic environment provided by the flux method. The overall structures of the new
complex compounds vary considerably with the particular combination of constituent
elements in them but similar structural features and units are often seen. These
compounds exhibit many exciting physico-chemical properties which include mixed or
intermediat;: valence behavior, multiple magnetic phase transitions or complex magnetic
behavior which in case of Yb3AuGe;ln; for example, depends strongly on the form of the
measured sample and other experimental conditions and varies from being paramagnetic
to exhibit ferromagnetic ordering. The intriguing magnetic properties observed for the
Ybs;AuGe;In; are not yet fully understood and future work with additional experimental
techniques such as neutron diffraction experiments and detailed magnetic measurements
under pressure and at various temperatures are required to further elucidate the reason
behind these properties.

The temary YbsTMGes (TM = Cr, Fe, Co) compounds were also obtained in
reactions involving excess of liquid In. This is an example of the non-reactive nature of
In flux in the quaternary system of Yb/TM/Ge/In. Nevertheless, these ternary compounds
do not luck in displaying structural complexity or fascinating properties. Detailed single
crystal X-ray diffraction and (3+1)D crystallographic studies revealed the existence of
superstructures due to both occupational and positional modulation in the extended

square Ge nets and partial TM occupancies. The structural findings for YbsTMGes
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challenge the correctness of the reported RETM,_Ge; disordered compounds and call for
a re-investigation of their structures.

Furthermore, all three YbsTMGes compounds exhibit Yb mixed-valence behavior
with the Yb’*/Yb?* ratio constantly changing with the temperature and an anomalous
nearly zero thermal expansion of the cell volume up to ~ 100 - 120 K, depending on the
TM and a normally observed positive thermal expansion at higher temperatures.
Additionally, heat capacity measurements for the Cr analog suggest possible heavy-
fermion behavior whereas resistivity measurements for the Fe analog show unusual
temperature dependence.

Due to the intriguing structural and physico-chemical properties exhibited by the
latter compounds it will be of benefit to study more analogs of the YbsTMGeg series in
order to examine the effect that the different employed transition metals could bring to
the properties of these compounds. This could perhaps help to further elucidate the
phenomena observed such as the nearly ZTE expansion behavior between 10 - 100 K,
and right substitution or doping of these materials could extend the temperature range of
the ZTE behavior. Discovering materials whose size does not change with temperature is
a highly active field of study, both for technological applications and fundamental
understanding.

The present work has principally concentrated in the synthetic explorations of the
quaternary systems RE/TM/Ge/In by utilizing molten In as a solvent and a 1* row
transition metal or the 3" row transition metal of Au as TM. Many new and interesting
compounds have been discovered however, these results represent only a small area of

the overall potential of this method. This research should expand to include other
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transition metals from the 2" and 3" row which holds promise for the discovery of
potentially novel compounds or even isostructural analogs. These compounds could be
interesting as simply new compounds or provide the opportunity to compare and contrast
the chemistry and reactivity of the 1% row TM with that of the 2" and 3" row TM.
Finally, it would be of great importance for the future of this project to
incorporate additional tetrelide elements in the study of the systems RE/TM/In such as Si.
By studying In/Ge(Si) systems analogous to Al/Ge(Si) and Ga/Ge(Si) ones, which were
investigated previously by other members of this group, could help draw parallel and
trends in this chemistry which in turn could further shed light in understanding the
chemical reactivity of the systems as well as the composition, structure and properties of

the resulting products.
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