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ABSTRACT

Our primary research goals are to synthesize, characterize, and study the structure,
dimensionality, and physical properties of new highly correlated electron materials.
Intermetallic lanthanide and oxide phases are of great interest due to their fascinating array of
structural features and physical property phenomena, such as heavy fermion behavior,
superconductivity, and magnetism. The crystal growth, structure, and physical properties of
several different classes of materials, such as the Ln-M-Ga (Ln = La, Ce, Pr, M = Ni, Pd), YbsPto,
and R,Ir,0O7 (R = Pr, Eu) compounds, will be highlighted within. The Ln-M-Ga phases allow us
to examine the influence of the lanthanide environments, dimensionality and layering on the
magnetic and transport properties in these compounds. For example, CePdGas is a heavy
fermion with y ~ 230 mJ mol™ K and exhibits an anisotropic magnetism with Ty ~ 5.5 K. The
structurally related compound, Ce,PdGa, also shows enhanced mass behavior (y ~ 220 mJ/mol-
K?), exhibits paramagnetic behavior down to 2 K, and has a large positive MR > 200 % at 2 K
and 9 T. Also bearing a striking resemblance to the CePdGas phase, Ce,PdGa;, is an
antiferromagnetic heavy fermion with y ~ 170 mJ mol™ K and a magnetic transition at 7y ~ 11
K. The crystal structures and physical properties of several new Ln,;NiGa;o (Ln = La, Ce, Pr) and
LnyNiGaj, (Ln = La, Ce, Pr) compounds will also be discussed and compared to determine the
role of the lanthanide and transition metal environments. The oxide pyrochlores, R:Ir,O7 (R =
Pr, Eu), which show geometrically frustrated magnetism, may also offer insight into the

structure-property relationships in three dimensional materials.



CHAPTER I. INTRODUCTION

1.1. Overview

Highly correlated electronic materials, which exhibit strong conduction and f-electron

correlations, are of considerable interest due to the exotic physical phenomena that they may

exhibit, such as magnetism, superconductivity (SC), and heavy fermion behavior (HF).'* In HF

materials, there is a strong coupling of the f-electrons and conduction electrons at low

temperatures resulting in a large
effective mass of the electrons
(10%-10° times that of a free
electron).”™  Highly correlated
materials, which exhibit the
unusual co-existence of two or
more physical phenomena, such
as HF behavior” > ¢ and SC,’ are
ideal to study quantum critical
behavior—an area of instability
that lies between two stable states

of matter.>!°

In general, a
quantum critical point occurs

when the ordering temperature of

Quantum Critical matter

8
3
5
8
a
g
(]
[

Tuning Parameter

Quantum Critical

. matter .
Antiferromagnet Heavy Fermion Metal

2

Adapted from: Coleman, P. and Schofield, A. J., Nature, Vol. 433,
2005, pp. 227.

Figure 1. Quantum critical phase diagram. A represents
antiferomagnetically ordered (AFM) region, N represents a
normal metal, and D represents the quantum critical region.

a cooperative phase, such as magnetic order, approaches absolute zero. In materials near a

quantum critical point (QCP), as the temperature approaches absolute zero, two unstable

quantum phases may be in competition, often leading to new exotic physical behavior. To



prevent this instability, superconductivity is often the escape route.® Subsequently, new physical

9-11

behavior can be found once materials are driven close to a QCP. As shown in Figure 1,

materials that lie near a QCP can be altered by adjusting tuning parameters, such as magnetic

15, 16 10, 17

field,'*"* chemical pressure (doping), or external pressure. Quantum criticality in the
heavy fermion Ce,MIns,» (M = Co, Rh, and Ir; n = 1, 2, o) compounds has been extensively
studied.'®* For instance, while the CeCoIn523'25 and Celrlns>> 26 compounds were found to
become superconducting at 7. = 2.3 and 0.4 K, respectively, under ambient pressure, in the
CeRhIn58’ 19 (T. = 2.1 K) and CethInglg’ 22,77 (T. = 2.0 K) compounds, the co-existence of
superconductivity and antiferromagnetic (AFM) behavior is achieved by applying pressures of
16 and 25 kbar, respectively. It has been suggested that quantum critical behavior has also been
found in new materials with unconventional behavior, such as PrOssSbi,, which is the only Pr-
based superconducting (7¢ ~1.85 K) heavy fermion.** %’

In order to better understand the relationship between the structure and physical property
behavior of highly correlated materials, we have studied several different types of materials, such
as lanthanide intermetallic and oxide phases. In our exploration to find new heavy fermion
materials, we have been able to synthesize several layered ternary Ce-Pd-Ga compounds:
CePdGas,” Ce,PdGayg,’' and Ce,PdGajn.*> CePdGag is a heavy fermion material with y ~ 230
mJ mol™ K2 and exhibits an anisotropic magnetism with 7y ~ 5.5 K. Ce,PdGa;g also shows
enhanced mass behavior and has a large positive magnetoresistance (MR) greater than 200 % at
2Kand9 T.! Ce,PdGay; is an antiferromagnetic heavy fermion with y ~ 170 mJ mol! K? and a
magnetic transition at T ~ 11 K.** These Ce-Pd-Ga phases allow us to examine the influence of

the Ce environment, dimensionality and layering on the magnetic and transport properties. Two

competing mechanisms, Kondo and RKKY interactions, have been used to rationalize ordering



3335 The Kondo effect results from the

temperatures in this family of Ce-Pd-Ga phases.
introduction of a magnetic impurity into a metallic host.***” This causes the local moments to
be screened by the conduction electrons below a Kondo coherence temperature (Tx), resulting in
a minimum in the resistivity of the material.’” The RKKY (Ruderman, Kittel, Kasuya, and
Yosida) interaction is a consequence of exchange coupling between the magnetic ions and
conduction electrons- resulting in the magnetization of the conduction electrons.®® This causes
an indirect exchange between two distant magnetic ions, which ultimately increases the magnetic
interactions.

In our desire to further investigate quantum criticality, we have determined the crystal
structure of a new unconventional heavy fermion, YbsPto, which exhibits ferromagnetic
behavior. We have also studied frustrated magnetism in the oxide pyrochlore, R,Ir,O7 (R = Pr,

Eu) phases as a function of temperature. The structure of the oxide pyrochlore may give further

insight as to how structural features can directly affect the property behavior in materials.

1.2. Crystal Growth

In order to synthesize high quality, phase pure single crystals of lanthanide intermetallic
compounds for physical property measurements, we have employed flux growth methods.
Typically, stoichiometric ratios of 1:1:20 of lanthanide (Ln), transition metal (M), and main
group elements (X), respectively, are combined and placed into an alumina crucible. The low
melting point of the main group element is used to lower the melting point of the lanthanide and
transition metal elements, which typically have higher melting points. Quartz wool is placed
over the sample and acts as a filter. The sample is then sealed in an evacuated fused silica tube
to avoid exposure and oxidation. A high temperature furnace is then used to heat the sample

according to a temperature profile. A typical profile consists of heating the sample in the



temperature range of 1273 K to 1423 K and then slowly cooling the sample to a target
temperature at rates of 2-8 K/h.  After the sample is allowed to cool to a preferred temperature
above the melting point of the flux used, the ampoule is inverted and centrifuged to remove
excess flux. Typically, metallic single crystals ranging in size from 0.25 x 0.25 x 0.25 mm’ to 5

3 . . .
X 5 x 5 mm’, are retrieved, as shown in Figure 1.2.

(a) (b) (c)
Figure 1.2. Aggregates of single crystals of (a) CePdGag, (b) Ce,PdGa;, and (c) Ce,PdGa;,.

1.3. Characterization Techniques

1.3.1. X-ray Diffraction. Single crystal X-ray diffraction is the main characterization tool that
we employ to characterize and determine the crystal structure of crystalline solids. The overall
goal of diffraction is to create a picture of the crystal structure at an atomic level, as if looking
through a very powerful microscope.”® Powder X-ray diffraction is a complementary tool that
can be used to obtain a characteristic powder pattern, which serves as a “fingerprint” for each
material and allows for the determination of the homogeneity of a polycrystalline sample.”
Crystallographic parameters, such as reflection intensities, lattice parameters, atomic positions,
and displacement parameters, are obtained from X-ray diffraction experiments.

For X-ray diffraction to occur, a source material, such as tungsten filament is heated,
which provokes the emission of electrons. The charged particles or electrons bombard the

surface of a metal target, such as Cu, which emits X-rays. X-rays then hit the surface of the



sample, which results in the absorption of some X-rays and the diffraction at certain

crystallographic planes within the sample.39 As shown in Figure 1.3 (a), these special planes in

the crystalline sample, denoted as 44/, act as pseudo-mirrors, which reflect and scatter the X-rays

at special positions within the sample. The diffracted X-rays then hit a scintillation counter,

Geiger counter, or photographic film detector, which is used to intercept the diffracted beams for

electronic measurements.40

The relationship between diffracted beams incident with the crystallographic planes and

the distance between these
adjacent planes can be
described using Bragg’s Law
of the form: 2d sinfd = n4,
where d is the perpendicular
distance between the two
planes and @ represents the
Bragg angle of diffraction, as
shown in Figure 1.3 (b). ¥ In
order for diffraction to occur,
Bragg’s Law must be
satisfied (diffracted waves

interfere constructively).

Diffracted rays

incident / detector
source e l

X-rays \

2) sample
A) 1 '
d“ 2dsin 0

e

’ * ¢ ¢ ¢ Constructive
[ . ° ° ° e Interference when

ni = 2d sin@

e . . ° . °

b)

Adapted from: West, A. R., Basic Solid State Chemistry. 2™ ed.; John Wiley
& Sons: New York, 1999, pp. 134-135.

Figure 1.3. Schematic of a) the X-ray diffraction experiment
and b) the constructive interference between two diffractive
waves that satisfy Bragg’s Law, where nA = 2d sin6.

X-ray powder diffraction can be used on various different materials, such as

nanoparticles, thin films, or powders. However, X-ray diffraction is not effective for scattering

“light atoms” that do not possess a large number of electrons in their outer shell. In addition to



this problem, determining the atomic positions or occupancies of compounds containing
elements with similar numbers of electrons, such as Ni** and Ga’', may be quite challenging
because of the slight three electron difference between these elements.

1.3.2. Neutron Diffraction. We have employed neutron diffraction as a complementary tool in
characterizing the chemical and/or magnetic structure of several materials, such as the Ln-M-Ga
CePdGag and YbsPty compounds at the National Institute of Standards and Technology (NIST).
Using neutron diffraction, it is possible to determine the structures of compounds containing
elements with similar atomic numbers and elements with large mass absorption coefficients,
depending on the neutron cross-section scattering lengths for each element. Due to the presence
of a magnetic dipole moment in neutrons, they interact with the nuclei and unpaired electrons in
a material. This allows for determination of the magnetic structure in these materials.”” For
single crystal neutron diffraction experiments, large single crystals of a material, at least 2-5
mm’, are required. When it is difficult to obtain large single crystals for some materials, neutron
powder diffraction allows for structure determinations, if an initial model is known.

1.3.3. Physical Property Measurements. Measuring magnetic and transport properties, such as
magnetic susceptibility, specific heat capacity, and resistivity, of highly correlated electron
materials, enables us to investigate structure-property correlations in these materials, which may
ultimately allow us to better understand what drives exotic behavior in complex materials.

The electrical resistivity of a material is decribed by the relationship in Equation 1.1,

A
=R— 1.1
P I3 (1.1)

where R = resistance of the material, 4 = the cross sectional area of the sample, and L = length of

the sample. The resistivity of a typical metal increases linearly with temperature. However, in a

superconductive material, there is a characteristic drop to absolute zero in the resistivity at a



critical temperature (7¢). A broad shoulder in the resistivity as temperature approaches absolute
zero, followed by a drop in the magnitude of the resistivity, is indicative of the onset of Kondo
coherence in a material. Likewise, if a substantial drop in the resistivity is observed,
magnetoresistance (MR (%) = [(p(H) - p(0)) / p(0) ] x 100%) measurements are obtained for the
material to determine the behavior of the resistivity with the application of magnetic field.
Materials with large MR exhibit large changes in resistivity with the application of external field.
Several of our layered intermetallic materials, exhibit large MR, such as Ce,PdGa;y (MR
>300%)°" and La,NiGa;, (MR > 200%)*' at 3 K and fields of 9 T.

The magnetic susceptibility (y = M/H) of a material describes its magnetization in the
presence of a magnetic field. The Curie Weiss Law (Equation 1.2) can be used to fit the

paramagnetic region of a material in a linear form, where C is the Curie Constant, T is the

M C

“H T-0 (-2

V4

temperature, and 0 is the Weiss Constant. From this fit, it is possible to determine the magnetic

N,uz

moment for the material by the relationship, ¢ = p
B

, where N = Avogadro’s number, u =

magnetic moment, and kg = Boltzmann’s constant..
The specific heat of a typical metal can be described as: C, = yT + al®, where y is the

electronic contribution to the specific heat, a is the phonon contribution to the specific heat, and

36, 42

C 2
T is temperature. This relationship can be shown in a linear form, Yf =y+al”  and by

plotting the specific heat as C,/T as a function of T, y (y-intercept) can be determined, which is
proportional to the effective mass of the electrons. Heavy fermion materials typically exhibit y

>100 mJ/mol- K2.#?



In this dissertation, the crystal growth and structure-property relationships of several
different classes of highly correlated materials, such as the Ln-M-Ga (Ln = La, Ce, Pr, M = Ni,
Pd), YbsPty, and RyIr,O; (R = Pr, Eu) compounds, will be discussed. By investigating the
structure-property relationships of these materials in the quantum critical regions of the magnetic
phase diagram, ultimately, it may be possible to predict complex behavior in materials, as well as

the design of new materials with desired properties.



CHAPTER II. CORRELATING THE STRUCTURE AND PROPERTY
RELATIONSHIPS IN THE TERNARY Ce-Pd-Ga PHASES'

2.1. Introduction

Heavy fermion compounds are of particular interest because of the interplay between
their local magnetic moments and conduction electrons, which yields large effective masses,
long-range magnetic order, and in rare cases even superconductivity.'>* Several ternary Ce-M-
X (M = transition metal, X = main group element) compounds are of notable interest due to their
interesting structural and physical properties. It has been shown that Ce,MInz,x (n=1,2,0 ; M
= Co, Rh, or Ir)44’ 5 are heavy fermion compounds, where CeColns exhibits the highest
superconducting transition temperature (T, = 2.3 K) of any Ce-based heavy fermion material.**
Although the origin of superconductivity in heavy fermion materials remains an unresolved
issue, there is growing evidence that the superconductivity found in CeColns may be
magnetically mediated.** Ce,RhIns,» (n = 1, 2) and Celn; (n = o) compounds comprise a
homologous series that display both antiferromagnetic and superconducting behavior.***  The
fact that both antiferromagnetism and superconductivity occur simultaneously in the Ce,Rhln3,:»
(n=1, 2) and Celns (n = «0) compounds has been correlated with minimal distortions in the Celns
cuboctahedra layer. Although distortions have been found for the M = Co or Ir in the Ce,MIn3,:2
analogues,” they exhibit superconductivity at ambient pressure.** * CePdGag, a layered
compound with structural similarities to the Ce,Rhlns,, (n =1, 2) compounds, was found to be a

heavy fermion compound with y ~ 300 mJ/mol K**° CePdGas exhibits an antiferromagnetic

! Reprinted from J. Solid State Chem., 178, Macaluso, R. T.; Millican, J.N.; Nakatsuji, S.: Lee, H.O.; Carter, B.;
Moreno, N. O.; Fisk.; Chan, J.Y., Copyright (2005), with permission from Elsevier
Reprinted from J. Solid State Chem., 177, Millican, J. N.; Macaluso, R. T.; Young, D. P.; Moldovan, M.; Chan, J.Y.,
Copyright (2004), with permission from Elsevier
Reprinted from Comments Inorg. Chem. (Review Article), 27, Thomas, E. L.; Millican, J. N.; Okudzeto, E. Chan, J.
Y., Copyright (2006), with permission from Taylor and Francis Group.



transition along its c-axis at Ty = 5.5 K. Its structure consists of a periodic stacking of CeGag
layers and PdGag; layers along the c-axis.

In our exploration of structurally related Ce compounds, we have also synthesized two
new ternary phases, Ce,PdGa;,”> and Ce,PdGayo.”' The structure and physical properties of
Ce,PdGa;; and Ce,PdGa;y will be presented and compared to CePdGas to determine the

relationships between the structure and physical property behavior in these compounds.

2.2. Experimental

2.2.1. Synthesis. Single crystals of Ce,PdGa;, and Ce,PdGa;y were synthesized using the flux
growth method. In synthesizing a wide range of different ternary intermetallic compounds by
flux growth, the starting stoichiometric ratios are often quite similar. In order to synthesize
phase-pure single crystals of these Ce-Pd-Ga compounds for physical property measurements, it
was necessary to first determine optimal crystal growth conditions in which to isolate each
phase. In our attempts to obtain single crystals of homogeneous phases from each growth, we
have observed that in addition to modifying the stoichiometric ratios of the starting materials, the

heat treatment employed, in particular the final dwell temperature, also plays a major role in

Heat treatment 1: 1423 K
End
Temperatures
773 K Ce,PdGa,, only
' 723 K CePdGa, & Ce,PdGa,,
Heat treatment 2: 1423 K
150 K h-! 673 K CePdGa, only
L Ce,PdGa,, only

Figure 2.1. Crystal growth conditions for CePdGag, Ce,PdGa,; and Ce,PdGayy.
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determining which phase forms. While manipulating these synthetic variables, we found that
CePdGag and Ce,PdGa,, coexist with the use of identical growth conditions, as shown in heat
treatment 1 of Figure 2.1. For example, growing phase-pure single crystals of CePdGag required
not only a change in synthetic variables, such as the starting stoichiometric ratios of the
reactants, but also in the heat treatment.*> The successful growth of CePdGas was only made
possible by combining stoichiometric Ce:Pd:Ga ratios of 1:1.5:15 and following heat treatment 2
(See Figure 2.1).>*” Interestingly, Ce,PdGay also has the same starting stoichiometric ratio and
a similar heat treatment as Ce,PdGa;,.*° However, the final dwell temperatures are varied to
isolate each phase.

We were able to grow single crystals of La,PdGa;, and Ce,PdGa;, using excess Ga flux
as shown in heat treatment 1.** *° Stoichiometric ratios of 1:1:20 of La or Ce (3N, Ames
Laboratory), Pd powder (5N, Alfa Aesar), and Ga shot (5N, Alfa Aesar) were combined in
alumina crucibles and sealed in evacuated fused silica tubes. Each sample was then heated to
1423 K for 2 h and allowed to cool to 723 K at a rate of 8 K/h, at which point the sample was
inverted and centrifuged. Silver, plate-like single crystals were retrieved with crystal size
ranging from 0.125 x 0.25 x 0.25 t0 0.5 x 0.5 x 1 cm”.

To synthesize phase pure single crystals of La,PdGa;y and Ce,PdGaj, the starting
materials, La or Ce ingot (3N, Ames Laboratory), Pd powder (5N, Alfa Aesar), and Ga shot (5N,
Alfa Aesar) were placed in a 5-mL alumina crucible in a 1:1:20 ratio. The samples were sealed
in evacuated silica tubes and heated at 1423 K for 7 hours. Upon slow cooling to a final dwell
temperature of 773 K at a rate of 281 K/ h, the sample tubes were then inverted and centrifuged

for 5 minutes to remove excess Ga flux. Silver, plate-shaped crystals were found, and typical
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crystal size ranged from 1 x 2 x 2to 1 x 5 x 5 mm’, as shown
in Figure 2.2. The single crystalline samples were not
observed to decompose in air over a period of months.

2.2.2. X-ray Diffraction of Ce,PdGay,. Fragments of

single crystals of La,PdGa;o and Ce,PdGa,o of size 0.03 x
0.03 x 0.05 mm® and 0.025 x 0.05 x 0.05 mm’, respectively, Figure 2.2. Aggregate of
Ce,PdGay.
were mounted onto the goniometer of a Nonius Kappa CCD
diffractometer equipped with a MoK, radiation (A = 0.71073 A) X-ray tube. Data were
collected, and the structural models were refined using SHELXL97.”' Because of the similarity
of the crystal system and unit cell dimensions, the atomic positions from the Ce,NiGa,, structure
type” were used as an initial structural model in determining the atomic positions for La,PdGa,,
and Ce,PdGajg. Corrections were made for extinction, and the data were refined with
anisotropic displacement parameters. Selected crystallographic parameters for La,PdGa;y and
Ce,PdGay are presented in Table 2.1. To ensure sample homogeneity, three separate batches of
Ce,PdGa crystals were characterized by single crystal X-ray diffraction.
2.2.3. X-ray Diffraction for Ce;PdGa;,. A suitable 0.03 x 0.03 x 0.08 mm® silver-colored
fragment of Ce,PdGa;; was mounted onto the goniometer of a Nonius KappaCCD diffractometer
equipped with Mo K, radiation (L = 0.71073 A). Data were collected up to 8 = 30.0° at 293 K.
A similar treatment was applied to a 0.05 x 0.08 x 0.08 mm® silver-colored fragment of
La,PdGa;,. The space group and atomic positions of Sm;NiGa;, were used to construct an initial
model for the structure determinations of both La,PdGa;, and Ce,PdGa;, compounds. The

structural models were refined using SHELXL97.”' Data were corrected for extinction and

refined with anisotropic displacement parameters. Data were also corrected for absorption by a
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multi-scan method using HKL Scalepack. Selected crystallographic parameters for La,PdGa;,

and Ce,PdGa,;, are provided in Table 2.2.

Table 2.1. Crystallographic Parameters for La,PdGa;o and Ce,PdGa;y

Crystal Data

Formula LadeGalo CedeGalo
a(A) 4.3560(3) 4.3230(3)
c(A) 26.514(3) 26.536(3)
V (A% 503.10(7) 495.91(7)
Z 2 2

Crystal Dimension (mm’) 0.03 x 0.03 x 0.05 0.005 x 0.025 x 0.050
Crystal System Tetragonal Tetragonal
Space Group 14/mmm 14/mmm

0 range (°) 3.07-30.05 2.55-32.03
p(mm™) 58.343 59.47
Data Collection

Measured Reflections 624 1182
Independent Reflections 273 296
Reflections with I > 3o(I) 243 198

Rine 0.0477 0.025

h -6 — 6 -5 -5
k -4 — 4 -3—> 3

[ -23 — 36 -28 — 34
Refinement

"R[F*>26(F?)] 0.0452 0.0271
*WR(F?) 0.1056 0.0629
Reflections 323 490
Parameters 19 19

Apmax (€ A7) 2.731 1.384
Apmin (€ A7) —2.902 —1.384
Extinction coefficient 0.0036(5) 0.001(17)

Ry = X||Fof - |Fl/2|Fol

WRy = [LIW(Fo? — FEY) ZIwFD
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Table 2.2. Crystallographic Parameters of La,PdGa;; and Ce,PdGay;

Crystal Data
Formula

a(A)

c(A)

V(A%

VA

Crystal Dimension (mm’)
Crystal System
Space Group

0 range(°)

4 (mm’)

Data Collection
Measured reflections
Independent reflections
Reflections with 7 >2c(/)
Rint

h

k

[

Refinement
“Ry[F* > 20(F")]
PWRH(F?)
Reflections
Parameters
Apmax (€ A7)
Apmin (e A_3)

LadeGau
6.1080(6)
15.5540(9)
580.28(9)

2

0.05 x 0.08 x 0.08
Tetragonal
P4/nbm

2.62 - 30.00
50.582

1474

483

366
0.0626
—-8—>8
-6—>6
21> 17

0.0415
0.1030
483

26
2.925
—1.618

CedeGau
6.1040(2)
15.5490(9)
579.64(5)

2

0.03 x 0.03 x 0.08
Tetragonal
P4/nbm
2.62-29.97
50.906

1537

487

387
0.0419
—-8—>8
-6—>6
-21 > 21

0.0380
0.1064
487

26
3.778
—2.375

Ry = 2|\Fo| - |Fell/2|Fo|

bWR2 — [Z[W(Foz _ FCZ)Z]/ Z[W(Foz)z]]l/z

2.2.4. Physical Property Measurements.

The electrical resistivity and magnetoresistance of

Ce,PdGay were measured by the standard 4-probe AC technique at 27 Hz. Pt wires (0.002 inch

diameter) were attached to the sample with Epotech silver epoxy. The sample was vapor cooled
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in a Quantum Design cryostat. The bulk magnetic susceptibility and magnetization versus field
were also measured in a PPMS system from Quantum Design in fields up to 9 Tesla.
Magnetization data for Ce,PdGa;, were obtained using a Quantum Design Magnetic
Property Measurement System SQUID magnetometer. The temperature-dependent
magnetization data were obtained first under zero-field cooled (ZFC) conditions from 2 K to 330
K under a field of 1000 G. Magnetization was then measured upon heating to obtain field-
cooled (FC) data after cooling to 2 K under field. Field (H)-dependent measurements were
collected at 2 K with H swept between 0 and 5.5 Tesla. These procedures were followed for
crystallographic ab — plane of the crystal aligned parallel and perpendicular to the magnetic
field. Specific heat was measured by a thermal relaxation method from 20 K to 0.35 K at zero
magnetic field and ambient pressure using a Quantum Design Physical Property Measurement
system. The entropy was obtained by integrating the specific heat divided by the temperature

with respect to the temperature.

l
|

2.3. Results and Discussion i % qu 5 %1' S :’
b, S ) R,
. “ % 4% ﬁ % 4 Ga
2.3.1. Structure of Ce;PdGa;g. Ce,PdGa; crystallizes % \ % q". %
b =, .
in the tetragonal /4/mmm space group (No. 139) with the “‘
PdGay,

Ce, Pd, Gal, Ga2, Ga3, and Ga4 atoms occupying the 4e, % \ ‘% ‘F %
>Ualy

2b, 4d, 8g, 4e and 4e Wyckoff symmetry sites, ;‘: 2, 2 y “ .:‘:

%\Exz\g c-axis

respectively. Ce,PdGa,o has lattice parameters of a =

4.3230(3) A and ¢ = 26.536(3) A, Z = 2. Atomic
Figure 2.3. The crystal structure

of Ce,PdGayjo. Ce atoms are shown
in blue; Pd polyhedra are shown in

Ce,PdGayy are provided in Table 2.3. Ce,PdGa;o is Oranee, and Ga atoms are shown
in green.

positions and related structural information for

15



1sostructural to Ce;NiGay 52 and CezNiAlé_XGeA;_y.53 The overall structure of Ce,MGajo (M = Ni
or Pd), as shown in Figure 2.3, can be viewed as a periodic stacking of alternating staggered rare-
earth bilayers and Ga3/Ga2/M/Ga2/Ga3 layers, forming a "sandwich" structure along the c-axis.
Gal-Ga4 tetrahedral slabs separate each Ce bilayer along the ¢ -axis. The Ga2 atoms of the
edge-sharing PdGag, rectangular prisms are capped by Ga3 atoms above and below to form
Ga3/Ga2/Pd/Ga2/Ga3 slabs. These Ga3/Ga2/Pd/Ga2/Ga3 slabs are between staggered bilayers
of Ce atoms along the c-axis.

Table 2.3. Atomic Positions and Displacement Parameters for La,PdGa; and Ce,PdGay

Atom Wyckoff X y z Uey (A%
Position

La 4e 0 0 0.35311(4) 0.0067(4)
Pd 2b 0 0 s 0.0058(5)
Gal 4d 0 Ya Ya 0.0095(6)
Ga2 8g s 0 0.44905(5) 0.0080(5)
Ga3 4e 0 0 0.10532(9) 0.0110(6)
Ga4 4e 0 0 0.19779(8) 0.0062(5)
Ce 4e 0 0 0.35289(3) 0.0108(3)
Pd 2b 0 0 s 0.0097(4)
Gal 4d 0 Y Ya 0.0124(5)
Ga2 8g Ya 0 0.448564(4) 0.0114(4)
Ga3 4e 0 0 0.106093(7)  0.0165(5)
Ga4 4e 0 0 0.197678(6)  0.0115(5)

*Usq 1s defined as one-third of the trace of the orthogonalized Uj; tensor.

With a bonding cutoff of 3.25 A, these Ce atoms are coordinated to four Ga3 atoms with an
interatomic distance of 3.2448(7) A. However, the Ce-Gal and Ce--Ga4 interatomic distances
of 3.4823(7) A and 3.3384(8) A, respectively, are too long to be considered bonding when
compared to the expected interatomic distance of 3.17 A, projected by the sum of the Ce (1.82
A) and Ga (1.35 A) covalent radii.”* Thus, the Ce~Gal and CeGa4 may represent weak
bonding interactions. The Ga3--Ga3 interatomic distance of 4.323(1) A found within these Ce

layers is also too long to be considered bonding when compared to the sum of covalent radii of
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Ga (1.35 A).>* However, the Ce-Ga3 interatomic distances are 3.2448(7) A and within the 3.111
— 3299 A range found in the binary compounds CeGaé,55 CeGaz,56 and CesGas.”® These
distances are slightly larger than the expected Ce-Ga inter-atomic distance of 3.17 A, projected
by the sum of the Ce (1.82 A) and Ga (1.35 A) covalent radii.>* Selected interatomic bond
distances and bond angles for La,PdGa,( and Ce,PdGa, are provided in Table 2.4.

Table 2.4. Selected Interatomic Distances (A) and Bond Angles (°) of La,PdGa;) and
CGdeGaw

LadeGalo CedeGalo

La-Ga3 layer Ce-Ga3 layer

La-Ga3 (x4) 3.2714(9) Ce-Ga3 (x4) 3.2448(7)

PdGag,, segment PdGag,, segment

PdGag4 (x8) 2.5630(8) PdGag4 (x8) 2.5564(6)

Gal-Ga4 slab layer Gal-Ga4 slab layer

Gal-Ga4 (x4) 2.5807(11) Gal-Ga4 (x4) 2.5690(9)

Ga4-Ga3 (x1) 2.452(3) Ga4-Ga3 (x1) 2.430(3)

Angles Angles

Ga3 —Ln—Ga3 83.48(3) Ga3 —Ln—Ga3 83.54(2)

Ga2 — Pd - Ga2 73.87(3) Ga2 -Pd—-Ga2 73.44(2)
116.38(5) 115.46 (4)
63.62(5) 64.54 (4)

Gal-Ga4-Gal 73.28(4) Gal-Ga4-Gal 73.02 (3)

Ga4-Gal-Ga4 106.72(4) Ga4-Gal-Ga4 106.98 (3)
115.13(8) 114.57 (6)

Pd atoms are located at the center of the rectangular prisms and are coordinated to Ga2 atoms at
the vertices. The Pd-Ga2 interatomic distance is 2.5564(6) A, which is consistent with other
known Pd-Ga inter-atomic distances. In Pd,Ga and CePdGas, for example, the Pd and Ga atoms
are separated by 2.558 A7 and 2.5609(4) A, respectively. The Pd-Ga2 interatomic distances of

2.5564(6) A in Ce,PdGa, are also within the expected interatomic distance of 2.72 A based on
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the summation of the covalent radii of Pd (1.37 A) and Ga (1.35 A).>* In the PdGagy rectangular
prisms of Ce,PdGay, the Ga2-Ga2 distance along the c-axis is 2.730(2) A, which is consistent
with the expected Ga-Ga interatomic distance of 2.70 A obtained from the sum of the covalent
radii of Ga (1.35 A).>* This Ga2-Ga2 distance of 2.730(2) A is also consistent with the Ga—Ga
bond of 2.7039(15) A and 2.46(2) -2.792(11) A in CePdGas and elemental Ga, respectively.”

2.3.2. Structure of Ce,PdGa;;. The structure of Ce,PdGa;, (shown in Figure 2.4), is
isostructural to SmyNiGa;,” and has similar structural

units to the CePdGag and Ce,PdGa;y compounds.

Ce,PdGa,, crystallizes in the tetragonal space group,
P4/nbm (No. 125 with origin choice 2), Z = 2. The Ce,
Pd, Gal, Ga2, Ga3, and Ga4 atoms occupy the 44, 2c, 4g,
4g, 8m, and 8m Wyckoff symmetry sites, respectively.

The atomic positions and displacement parameters for

La,PdGa;, and Ce,PdGa;, are provided in Table 2.5. Figure 2.4. The crystal structure

of Ce,PdGa;,. The Ce atoms are
shown in blue; the PdGa8/2
rectangular prisms are shown in
orange; and the Ga atoms are
shown in green.

Selected inter-atomic distances and bond angles for
La,PdGa,, and Ce,PdGa,; are provided in Table 2.6.

The structure of Ce,PdGa;,, as shown in Figure
2.4, can be viewed as a three-dimensional network of Ce atoms residing in Ga cavities of a with
slightly distorted PdGag, rectangular prisms, where the Pd atom is coordinated to eight Ga
atoms: four Ga3 atoms with interatomic distances of 2.5512(10) A and four other Ga3 atoms by
2.5558(10) A.  These distances are typical of Pd-Ga bonds in Pd5Ga3,60 PdGas, szGa,(’land n
CePdGag * where the bonding distances range between 2.388 A —2.701 A. In addition, the sum

of the two covalent radii of Ga (1.22 A) and Pd (1.37 A) is 2.59 A,** which is close to our
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experimental Pd - Ga distances in Ce,PdGa;,. The Ga3 — Ga3 interatomic distance along the ab
— plane is 3.0501(9) A, too long to be considered a bond according to the 1.22 A van der Waal
radius of Ga. These distances in the PdGag), rectangular prisms are similar to the PdGag, prisms
in CePdGas where the Ga — Ga interatomic distance is shorter along the ¢ — axis [2.7299(19) A]
and longer across the ab — plane [3.076(1) A].

Table 2.5. Atomic Positions and Displacement Parameters in La,PdGa;,; and Ce,PdGa,;

Atom Wyckoff X ¥ z Uy (A%
Position
La 4h 3/4 1/4 0.2465(5) 0.0105(3)
Pd 2c 3/4 1/4 0 0.0105(3)
Gal 4g 3/4 3/4 0.1840(1) 0.0170(4)
Ga2 4g 3/4 3/4 0.3418(1) 0.0134(4)
Ga3 8m 0.5004(2) 0.0004(2) —0.0877(7) 0.0135(4)
Ga4 8m 0.5704(2) 0.0704(2) 0.4289(8) 0.0268(5)
Ce 4h 3/4 1/4 0.2466(4) 0.0098(3)
Pd 2c 3/4 1/4 0 0.0098(4)
Gal 4g 3/4 3/4 0.1840(1) 0.0117(4)
Ga2 4g 3/4 3/4 0.3417 (9) 0.0149(4)
Ga3 8m 0.5003(1) 0.0003(1) —0.0878(6) 0.0116(3)
Ga4 8m 0.5702(2) 0.0702(1) 0.4286(7) 0.0253(4)

aUeq is defined as one-third of the trace of the orthogonalized Uj; tensor.

The Ga-only segment consists of two Ga layers; one layer is composed of Ga2 and the
other of Ga4. The Ga2 sheet includes Ga2 — Ga2 contact distances ranging between 4.3176(3) —
6.1060(4) A, indicating that the Ga2 atoms are isolated from each other. The Ga4-Ga4 atoms,
however, are separated by 2.5290(2) A, similar to 2.44 A, the bonding distance by summing two
Ga covalent radii (1.22 A).” The Ga4 atoms also form interatomic distances of 2.6173(10) A
with Ga2 atoms, falling within the range of 2.297 — 2.930 A found in CeGas,* CeGay,** and
PdGas.®!

Figure 2.5 shows the local Ce coordination of Ce,PdGa;;. Using a Ce-Ga bonding cutoff
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of ~ 3.3 A, which is larger than the projected sum of 2.9 A of the Ce (1.65 A) and Ga (1.25 A)
covalent radii,®’ the Ce atom is coordinated to 10 Ga atoms: 4 Gal, 4 Ga3, and, 2 Ga4. All of
these Ce-Ga distances are similar to Ce-Ga bond distances found in the binary compounds,
CeGa,™ and CeGag,** which range between 3.252 A —3.299 A.

Table 2.6. Selected Interatomic Distances (A) of La,PdGa;; and Ce,PdGa;

LadeGalz CedeGalz

La layer Ce layer

La-Gal (x4) 3.2047(6) Ce-Gal (x4) 3.2033(5)

La-Ga4 (x2) 3.2331(15) Ce-Ga4 (x2) 3.2286(13)

La-Ga3 (x2) 3.2784(13) Ce-Ga3 (x2) 3.2772(11)

La-Ga3 (x2) 3.2824(13) Ce-Ga3 (x2) 3.2808(11)

PdGags Segment PdGas Segment

Gal-Ga3(x4) 2.6283(10) Gal-Ga3 (x4) 2.6257(10)

Pd-Ga3 (x4) 2.5570(13) Pd-Ga3 (x4) 2.5512(10)
(x4) 2.5519(12) (x4) 2.5558(10)

Ga - only Segment Ga - only Segment

Ga2-Ga4(x4) 2.6204(11) Ga2-Ga4 (x4) 2.6173(10)

Ga4-Ga4(x1) 2.5260(3) Ga4-Ga4 (x1) 2.5290(2)

As shown in Figure 2.5, the Ce atom caps
a rectangular anti-prism composed of Gal and
Ga3 atoms. The Ce-Gal and Ce-Ga3 distances
are 3.2034(5) A (4x) and 3.2772(11) A (4x),
respectively. In addition, Ce is also bonded to
two Ga4 atoms at an interatomic distance of Gal

3.2286(13) A. Rare-earth atoms can be found as

the cap of other main group layers, such as in

CeNiSbs,  (RE)In,.Sb, (RE = La — Nd).”’ Figure 2.5. Ce environment (CN = 10) of
CRISD3 (RE)In;..Sb, ( a ) Ce,PdGa;,. Ce is shaded black and the Ga

atoms are shown as white circles.
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(RE)MSb; (M =V, Cr),®® and RESb,.*> ™ The Gal and Ga3 atoms surrounding Ce can be
viewed as two different layers, where the Ga4 layer also serves as the face of the PdGags,
rectangular prisms. Although the Gal— Gal interatomic distance is greater than 4 A and
indicates that intralayer Gal interactions are unlikely, the distance between Gal and Ga3 layers
of 2.6257(10) A implies that there may be some weak interlayer interactions.

2.3.3. Structural Comparisons. The layered Ce-Pd-Ga phases (CePdGags, Ce,PdGa;p, and

c-axis

I

a) CePdGag b) Ce,PdGayy ¢) Ce,PdGay,

Figure 2.6. The crystal structures of (a) CePdGag, (b) Ce,PdGa;g, and (c) Ce,PdGa,, are
shown along the c-axis. The Ce atoms or polyhedra are shown in blue; the Pd atoms or
polyhedra are shown in orange, and the Ga atoms are shown in green.

Ce,PdGay;), as shown in Figure 2.6, offer a family of compounds for comparison due to
similarities in their structures. The crystal structure of CePdGas is layered with a striking
resemblance to the Ce,MIns,, (T = Co, Rh, Ir; n =1, 2, oo)44’ 45,71, 72 compounds. Both families
of compounds crystallize in the tetragonal P4/mmm (No. 123) space group. The structure of
Ce,MIns,, consists of a periodic stacking of Celn; cuboctahedra layers, and MIng, rectangular

prisms along the c-axis. Although exhibiting a similar stacking in the c-direction, the structure
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of CePdGag consists of face-sharing CeGag4 rectangular prisms and PdGag,, rectangular prisms
along the c-axis. At a glance, the crystal structures of Ce,PdGa;o and Ce,PdGay,, also, both
show a similar stacking to that of CePdGas along the c-direction. In comparison, all of the
structures have Ce-Ga contacts and face-sharing PdGag), rectangular prisms. However, the Ce
environments in these compounds differ. While Ce is coordinated to 8 Ga atoms, forming
CeGagyy rectangular prisms in CePdGag, the Ce environment of Ce,PdGa;, consists of Ce atoms
coordinated to 10 Ga atoms. Moreover, the Ce atoms in Ce,PdGa,( are coordinated to 4 Ga
atoms. Two distinct Ce-Ce distances are present in the structures of all three Ce-Pd-Ga
compounds: Ce-Ce distances along the ab — plane, (Ce-Ce),, and ¢ — axis, (Ce-Ce).. In
CePdGag, the Ce-Ce interatomic distances are 4.350(3) A in the ab — plane and 7.922(6) A along
the ¢ — axis.®> As for Ce,PdGay,, since Ce atoms separate PdGag, and Ga-only segments that
stack along the ¢ — axis, there are two distinct (Ce-Ce), distances along the c- axis. Thus, the
(Ce-Ce),» interatomic spacing in Ce,PdGa;, is 4.318(6) A, and (Ce-Ce). distances measure
7.664(5) A and 7.882(6) A. In Ce,PdGay, the (Ce-Ce), interatomic spacing is 4.323(6) A and
the (Ce-Ce). distances measure 6.258(5) A and 7.807(7) A.

2.3.4. Physical Properties of Ce,PdGay. Figure 2.7 shows the electrical resistivity as a
function of temperature for a single crystal of Ce,PdGa;g. The data are shown for current
applied in the ab-plane. The sample is metallic (do/dT > 0), with the resistance decreasing
roughly linearly with temperature from 300 K down to 175 K. Below 50 K the slope of the
resistivity begins to increase, and the value of the resistivity drops by a factor of 4 at low
temperature. This broad shoulder in the resistivity is typical of Kondo compounds, where a drop
in the resistivity indicates the onset of Kondo coherence (shielding of the conduction electrons).

The electrical resistivity of single crystals of CePdGag in the ab-plane also exhibits a similar
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behavior.”” We attempted to measure
the resistivity with current applied
along the c-axis, however, the samples
were too small to do this accurately in

conjunction with the usual difficulties

Resistivity (uQ cm’™)

in performing a 4-probe measurement

on a thin flat sample perpendicular to

O’HH\HH\HH\HH\HH\HH
0 50 100 150 200 250 300

T(K)
Figure 2.8 shows the in-plane  Figure 2.7. The normalized electrical resistivity of
a single crystal of Ce,PdGa;y as a function of
magnetoresistance (MR(%) = [(p(H) -  temperature. The data are taken for the current
parallel to the ab-plane.

the plane.

p(0)) / p(0) T x 100) of a single crystal
of Ce,PdGay as a function of field at 2 K.”* The MR is positive and large at 2 K, increasing by

over 200% at 9 Tesla, which is quite

. . 00 P ey
unusual  for most intermetallic I e ]
250 | - .
compounds at low temperatures. I ]
. : o 200 -
Other intermetallics that exhibit large i ) ]
X i / ]
positive magnetoresistance are on the 925 1o r=2K ]
[ 4 4
-
order of MR% ~ 120% at fields of 9 o b J .
.
Tesla.”*"¢ SmPd,Ga, has a positive 50 ;,f‘ N
:
MR ~ 120% at 2 K and fields of 9 o . L
o 1 2 3 4 5 6 1 8 9

Tesla.””  Although the magnitude of H (Tesla)

Figure 2.8. The magnetoresistance of a single crystal
of Ce,PdGajgas a function of field at 2 K. The data
are taken for the field parallel to the ab-plane.

the magnetoresistance for Ce,PdGa

1s unusual, a classical effect is
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observed as the MR saturates up to fields of 9 Tesla. The MR tends to follow the curve of a
paramagnet induced with field as suggested by the magnetization data. The large MR may be

attributed to increasing spin disorder scattering which is not uncommon in the paramagnetic

0.8 C S _
systems, where electrons are : L ——
[ ® i o 1]
. ) 07 F . 1
scattered on entirely disordered i [ o 1]
H ® E ol * ]
0.6 N % ...0 _
magnetic moments.”” In the main 8‘ [ \ % 80| ’:' 11
. . -é 05 3 . = 60 [ 11
panel of Figure 2.9, the magnetic = : VT 1
E 04 ¢ wf 14
susceptibility of a single crystal of & i ¢ LF 1]
= 03[ L 1]
. . - L ° r | | | 1 ]
Ce,PdGa, is shown as a function of = s [ . ’, % 100 1 200
T T(K) ]
temperature ~ for  the  field 0.1 [ H =01 Tesla
perpendicular to the ab-plane. The 0°r
1 10 100 1000
sample was zero field cooled (ZFC) T(K)

. Figure 2.9. The magnetic susceptibility of a single crystal
and then warmed in a constant field  of Ce,PdGa;, as a function of temperature for field
perpendicular to the ab-plane. The inset shows inverse
of 0.1 Tesla. The data are well fit  susceptibility with Curie-Weiss behavior as a function of
S . temperature from 0 K to 170 K. The solid lines in the

by the solid line in the main panel  figures are a fit to the data as described in the text.
of Figure 2.9, which represents a modified Curie law of the form: y = M/H = y, + C/T, where g,
is some temperature-independent background susceptibility. From the fit, y, = 7.67 x 10™
up/mol, and the Curie constant, C, has a value of 1.39 x 10 tp -K/mol. This results in an
effective magnetic moment of 2.5uz/mol Ce. This value is consistent with what one would
expect for the full Hund’s rule moment of 2.54 u for Ce in its 3" state. The magnetic
susceptibility of Ce,PdGaj is consistent with local moment paramagnetism, and no long-range

magnetic order occurs down to 2 K. The inset of Figure 2.9 shows inverse susceptibility (1/x) as

a function of field at 2 K. The data follow Curie Weiss behavior.
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Plotted in Figure 2.10 is the
magnetization of a single crystal of
Ce,PdGajg at 2 K as a function of
applied magnetic field. = The open
circles represent data for the field
applied perpendicular to the ab-plane,
and the solid circles are for the field
parallel to the ab-plane. There is a
small amount of magnetic anisotropy
between the two field orientations at
low field, with the magnetization being
slightly larger for the field parallel to
the a-b plane orientation, and
essentially no anisotropy at higher
fields. The data is again consistent with
local-moment paramagnetism, and no
hysteresis was observed in either field
orientation. The magnetization in both
field directions has not saturated even
up to 9 Tesla.

Figure 2.11  shows the
temperature dependency of the specific

heat of Ce,PdGa;p. The magnetic

2.5 w

20 -

/ —S— H II c-axis

I / T=2K —e— H II ab-plane 1
1.0 4 i

M(p /Ce)

050 [ ]

0 1 2 3 4 5 6 7 8 9
H (Tesla)

Figure 2.10. Magnetization versus field for a single
crystal of Ce,PdGa, at 2 K. Closed blue and open
red circles represent data for the field parallel to the
ab-plane and c-axis, respectively.
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Figure 2.11. The magnetic portion of the specific
heat, C,/T, of Ce,PdGay, as a function of T> (K) is
shown. C,/T is obtained by subtracting the heat
capacity of the La-analog (shown with blue diamonds
in inset) from the total heat capacity of the compound
(shown as red circles in inset).
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contribution (C,/T), which is estimated by subtracting the specific heat (Cp/T) of the La-

analogue from the Cp/T of the Ce-compound, is shown as a function of 7° (K*). Although no

magnetic transitions were observed from the c-axis magnetic susceptibility measurements down

to 2 K, a broad peak is observed at 1.86 K, which is indicative of a magnetic transition, in the

specific heat of this compound. The C,/T shows an electronic specific heat coefficient (y) of ~

210 mJ/mol K? at T > 1.86 K for Ce,PdGayy. For clarity, we show Cp/T for both Ce and La-

analogues in the inset of Figure 2.11.

2.3.5. Physical Properties of Ce,PdGa;;. In order to compare the magnetic data of CePdGag

and Ce,PdGa;,, we have re-measured
the magnetization on phase pure single
crystals of CePdGas and Ce,PdGa,.
Previous magnetic data of CePdGas’
apparently has a Ce,PdGa;, inclusion.
The temperature dependence of the
magnetic susceptibility () is given for
Ce,PdGa;; and CePdGag in Figures
2.12 and 2.13, respectively. The field
of 0.1 T was applied along ab-plane
and c-axis. In Ce,PdGa;,, data for
both orientations follow Curie-Weiss

behavior above 100 K. The effective

015 T T T T 11T T T \\\\‘ T T T T T 11T
- A B=1000G |
0.4 i %A CedeGa12 7
L A A B |l ab-plane -
L A ® B Il c-axis ]
S 03[ b
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1 10 100 1000
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Figure 2.12. Magnetic susceptibility as a function
of temperature of Ce,PdGa;,. Triangles and circles
represent data for B // crystallographic ab — plane
and B // crystallographic ¢ — axis, respectively;
open and closed symbols represent field-cooled and
zero-field cooled data, respectively.

moments (g4g) are estimated to be 2.54 pg (ab — plane) and 2.59 pp (c—axis), which are very

similar to the expected Ce J = 5/2 local moment, gir = 2.54 pg, with 8 = -14.8 K (ab — plane) and
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18.2 K (¢ — axis). While a clear cusp 020 ————% T
B =1000 G

I °® 1
in the ¢ — axis component at 11 K is i CePdGa, i
0.15 - o‘ ° AB Il ab-plane |
indicative of an antiferromagnetic — i o] eBllc-axis 1
© i ¢ |
. E I |
transition, the ab-plane component 30.10 - & |
= . O i
o
shows a steep increase below about 3 = i |
K. A broad peak is also observed at 3 0.05 i i
K in the Cp/T vs T plot. This suggests i |
0.00 b
an appearance of a ferromagnetic 1 1000
T (K)
component. This strong anisotropy is Figure 2.13. Magnetic susceptibility as a function
of temperature of CePdGas. Triangles and circles
most likely due to the canting of spins represent data for B // crystallographic ab — plane
and B // crystallographic ¢ — axis, respectively;
in the Néel state below 11 K, creating open and closed symbols represent field-cooled

and zero-field cooled data, respectively.
a net ferromagnetic component along

the ab — plane. The susceptibility of La,PdGa,; (not shown) shows non-magnetic behavior (y = -
10™* emu/mol at 273 K), indicating that the magnetic moments result only from the Ce f-electron,
not from Pd d-electrons. CePdGag, on the other hand, shows an antiferromagnetic transition at 5
K with cusps in both the ab-plane and c-axis components. The Curie-Weiss analysis above 100
K yields the effective moments of s = 2.48up (ab—plane) and 2.45 up (c—axis), with 6 = -12.9
K (ab —plane) and -1.17 K (¢ — axis), suggesting antiferromagnetic interactions. The field
dependence of the magnetization (M) for Ce,PdGa,,, as shown in Figure 2.14, was obtained with
the crystal oriented along the ¢ — axis and ab — plane in magnetic field. The ¢ — axis
magnetization shows a jump at 2.5 T, after showing a linear increase with the field. This
indicates a metamagnetic transition, most likely due to a spin-flip transition from an

antiferromagnetic to a ferromagnetic state. Along the crystallographic ab — plane, on the other
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hand, M increases rapidly upto B=1T
and reaches the value ~ 0.2 pg at 5 T.
A small hysteresis is observed below
0.1 T at 2 K, indicating the system has
a ferromagnetic component in the ab-
plane. The field dependence is similar
to CePdGaé,62 where the magnetization
shows a jump at 2 T, which is lower
than the metamagnetic transition of
Ce,PdGays.

The temperature dependences
of the specific heat of Ce,PdGa;, and
CePdGas were measured and are
shown in Figures 2.15 and 2.16,
small

respectively. There are

deviations in the data from our

previous report on CePdGag. >
Because CePdGas and Ce,PdGaj,
can coexist under a certain growth
condition (see synthesis section), the
previous report on the specific heat

and magnetism of CePdGas has

minor effects from the inclusion of
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Figure 2.14. Magnetization of Ce,PdGa;, as a
function of field with B Il ab — plane shown in
black circles and B Il ¢ — axis in white circles.
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Figure 2.15. The magnetic portion of the specific
heat, C,/T, of Ce,PdGa;, as a function of
temperature (K) are shown. C,/T is obtained by
subtracting the heat capacity of the La-analog
(shown as open circles in inset) from the total heat
capacity of the compound (shown as black circles
in inset).
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Ce,PdGajn. @ The magnetic part of the specific heat, Cy/T, for Ce,PdGa,, (Figure 2.15) and
CePdGag (Figure 2.16) is estimated by subtracting the specific heat Cp/T of the La-analogue

from the specific heat Cp/T of the Ce-

2000 T 200(\) T T T ‘ T T T T

compound. For clarity, we show Cp/T i < F e T
41500 3 4
Q El
for both Ce and La-analogues in each Y 1500 - g’looo ER
8 §500 e ]
inset. A sudden jump at 11 K, = i R . 1
g 1000 — Temperature (K) kS
coincident with its antiferromagnetic 2 i CePdGa6 ’
transition, is observed in the C./T of ':E 500 | _
O - i
Ce,PdGaj;.  Similarly a peak is & -
L 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 1

0 0 5 10 15 20

observed in the heat capacity and is
Temperature (K)

observed at the antiferromagnetic Figure 2.16. The magnetic portion of the specific
. heat, C,,/T, of CePdGag as a function of temperature

transition temperature of 5.5 K for  are shown. C,/T is obtained by subtracting the heat
capacity of the La-analog (shown as white circles in

CePdGas. The C/T of CeoPdGa;;  inset) from the total heat capacity of the compound
(shown as black circles in the inset).

shows electronic  specific  heat

coefficient y of ~ 72 mJ/mol K* at T close to 0 K and almost constant with ~ 140 mJ/mol K* at T

> Ty, which is smaller than y(~ 230- 400 mJ/mol K?) for CePdGas. The corresponding entropies

for the f~electron contribution can be estimated by integrating Cy/T for Ce,PdGa;, and CePdGas.

The entropy (S) released below Ty is about 6000 (mJ/mole-K) for Ce,PdGa,,, while it is around

5000 (mJ/mole-K) for CePdGas. These values are roughly close to RIn2 (~5800 mJ/mole-K),

which represents a doubly degenerate ground state in the paramagnetic regime. In addition, the

suppressed entropy at 7y in CePdGag is attributable to the Kondo effect.
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2.3.6. Powder Neutron Diffraction Experiments of CePdGas. Neutron powder diffraction

experiments were conducted to determine the magnetic structure of CePdGag at NIST. Single

CePdGab, Jasmine, Ge3ll,l1.5K Hist 1

Lambda 2.0787 A, L-8 cycle 53 Obsd. and Diff. Profiles
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Figure 2.17. The neutron powder diffraction pattern of a sample containing CePdGags and
Ce,PdGaj,. The calculated pattern for CePdGag is shown with red tick marks; the calculated
pattern for Ce,PdGa,; is shown with black tick marks; and the difference pattern is shown in
fuschia.

crystals of CePdGas were crushed into a 4 gram powder sample. Neutron diffraction
measurements were conducted on the sample using the BT-1 powder diffractometer, which is
equipped with a Ge 311 vertically focusing monochromater (A = 2.079 A).

From the powder histogram, as shown in Figure 2.17, it was determined that the powder sample
contained a mixture of CePdGas (~ 70%), a secondary phase Ce,PdGa;, (~ 20%), and a third

unknown phase (~ 10%). By subtracting the peaks from the chemical cell, it is possible to
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determine the magnetic

contribution in the neutron
diffraction pattern. A magnetic
peak, which was observed at
33.15° in 2-theta, has been
assigned to the impurity phase,
Ce,PdGa;;, which makes up

approximately 20% of the total

Corrected Counts

200 |'—

100 |

10 20 30 10

2-Theta (Degrees)

Figure 2.18. A fit of the neutron powder diffraction data a low
2-Theta.
attributed to a Ce,PdGa;, impurity.

A magnetic peak occurs at 33.15°, which can be

sample (shown in Figure 2.18). The powder neutron diffraction data shows a low signal to noise

(S/N) ratio, which makes it difficult to determine magnetic peaks, which can be attributed to

CePdGas.

experiments will be conducted on single crystals of CePdGag.

To overcome this problem by creating a larger S/N ratio, neutron diffraction

Figure 2.19 shows proposed

Figure 2.19. The proposed magnetic structures of a) CePdGas and b) Ce,PdGa,,, where Ce
atoms are shown in blue, Pd atoms are shown in orange, and Ga atoms are shown in green.
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magnetic structural models for CePdGag and Ce,PdGa;;. The proposed magnetic structure of
CePdGag (Figure 2.19a), the magnetic spins on the Ce atoms are aligned antiferromagnetically
along the a-b plane and c-axis, which is consistent with the magnetic susceptibility of CePdGas
(Figure 2.13). However, in Ce;PdGa;, (Figure 2.19b), the magnetic spins are aligned
ferromagnetically along the a-b plane and antiferomagnetically along the c-axis, which is
consistent with the magnetic susceptibility for this compound (Figure 2.12).
2.4. Conclusion

These layered Ce-Pd-Ga phases allow us to study the rare earth environment on the
magnetism in each system. Two competing mechanisms, the RKKY (Ruderman-Kittel-Kasuya-
Yosida) and Kondo interactions, can be used to describe the magnetism in these materials.***’
RKKY interactions exist when the exchange coupling between the magnetic ions and conduction
electrons results in the magnetization of the conduction electrons, which in turn causes an
indirect exchange between two distant magnetic ions.”® We have observed that the higher
magnetic ordering in Ce,PdGa;; (T ~ 11 K) may be attributed to the existence of more Ce-Ga
contacts (Ce CN = 10), where the magnetic Ce’" ion can interact with additional conduction
electron carriers. These stronger RKKY-like interactions cause the magnetic ordering observed
in this compound to be more profound. However, the suppressed magnetism in CePdGag (7n ~
5.5 K) and Ce,PdGa;y (magnetic transition at 1.86 K), can be attributed to Kondo-like

. . 31
Interactions.

The Kondo effect occurs as a result of the shielding of magnetic ions by
conduction electrons in magnetic materials. This mechanism has been used to describe a
minimum in the electrical resistivity of magnetic materials at a temperature, 7x. For example, in

CePdGag (Ce CN = 8) and Ce,PdGa;o (Ce CN = 4), there are fewer Ce-Ga contacts, which leads

to reduced hybridization, or less interaction between the Ce’ ions and the conduction
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electrons.”’ Fewer Ce — Ga contacts are found in Ce,PdGa,o; Ce is coordinated to only 4 Ga
atoms, whereas Ce is coordinated to 8 Ga atoms in CePdGas. Reduced Ce-Ce interactions that
are inhibited by Gal-Ga4 tetrahedral slab layers in the structure of Ce,PdGa;p may also
contribute to the suppressed magnetic ordering (magnetic transition at 1.86 K) in this compound.
As a result of these reduced Ce-Ce interactions, the Ce moments may become more localized,
and the Kondo effect to be more pronounced than RKKY interactions in this compound- leading
to paramagnetic behavior. Evidence of this Kondo coherence is also observed in the resistivity

data of Ce,PdGay.
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CHAPTER III. CRYSTAL GROWTH, STRUCTURE, AND PROPERTIES OF
Ln,NiGa;9 AND Ln,;NiGay, (Ln = La, Ce, Pr)

3.1. Introduction
Ternary Ce-Ni-X (X = main group element) intermetallic compounds are of interest due
to their rich crystal chemistry and physical properties, such as magnetism, superconductivity, and

heavy fermion behavior. For example, Ce:Ni2G632,78'81

which has been extensively studied due to
its proximity to a quantum critical point, crystallizes in the ThCr,Si,* structure type and exhibits
heavy fermion behavior (y ~ 350 mJ/mol K?) and superconductivity (7. ~ 0.22 K) under pressure.
CeNi,Sn,, which crystallizes in the CaBe,Ge; structure type (derivative of the ThCr,Si; structure
type), also exhibits heavy fermion (y ~ 400 mJ/mol K?) and magnetic behavior (AFM, Ty = 1.8
K),$3-86

In our interests to better understand the effect of rare earth atom and transition metal
substitution in the heavy fermion materials, we have synthesized single crystals of Ln,NiGa, (Ln
= Ce, Pr) and Ln;NiGa;, (Ln = La, Ce, Pr), which are isostructural to the known Ce,MGa,y (M =
Ni, Pd)31’ 52 and LnoMGay, (Ln = Ce, Sm; M = Ni, Pd) families of compounds, respectively.32’ 87
Although the structure of Ce;NiGayo,”> was previously reported for single crystalline materials,
no physical properties have been reported to date. We will compare the structure and properties
of the LnyNiGa; (Ln = Ce, Pr) with CedeGalo.31 Recently, Cho et al., has also been successful
in synthesizing Ce,CuGap,.*' The Cu analogue allows for the systematic comparison of this

family of compounds. We will also study the role of the lanthanide ion’s influence among the

La,NiGay,, Ce;NiGay,, and PraNiGa;, compounds.
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3.2. Experimental

3.2.1. Synthesis. Single crystals of the Ln,NiGa,o (Ln = Ce, Pr) compounds were synthesized
using excess Ga. Stoichiometric ratios of 1:1:20 of Ln, Ni, and Ga, respectively, were sealed in
an evacuated fused silica tube. These samples were then heated up to 1423 K and allowed to
dwell for 8 hours. The samples were then allowed to cool to 833 K at a rate of 8 K/h, at which
point they were inverted and centrifuged. Silver metallic plate-shaped crystals were obtained.
Typical crystal size ranged from 2 x 2 x 3 mm’ to 3 x 3 x 5 mm”.

The synthetic profile for the growth of the Ln,NiGa;, (Ln = La, Ce, Pr) compounds is
very similar to that used to make Ln;,NiGajy (Ln = Ce, Pr). The only difference in the
temperature profile for Ln,NiGa,o (Ln = Ce, Pr) is the temperature of 623 K at which the sample
was inverted and centrifuged. Silver, metallic plate-shaped crystals were retrieved with typical
crystal size ranging from 3 x3x 6 t0 5 x 5 x 6 mm’.

3.2.2. Single Crystal X-ray Diffraction. The Ln;NiGa;y (Ln = Ce, Pr) compounds were
characterized via single crystal X-ray diffraction. Single crystal fragments of the Ln,NiGa,, (Ln
= Ce, Pr) and Ln;NiGa,, (Ln = La, Ce, Pr) compounds were placed on glass fibers, which were
mounted onto the goniometer of a Nonius KappaCCD diffractometer equipped with a MoKa
radiation (A = 0.71073 A) X-ray tube. Data were collected, and structural models were obtained
using SHELXL97.”' Due to similarities in the crystal system and cell dimensions, the atomic
positions of Ce,PdGa,;,’! were used to construct initial structural models for the Pr,NiGayo.
However, for the Ln,NiGa;, (Ln = La, Ce, Pr) phases, the structure was solved using direct
methods, and the atomic positions of Sm,NiGa;,)’ were used for comparison. The data were
corrected for extinction and refined using anisotropic displacement parameters. To ensure

sample purity, powder X-ray diffraction was also performed. Selected crystallographic
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parameters for the Ln,NiGa;o (Ln = Ce, Pr) and Ln;NiGa,, (Ln = La, Ce, Pr) compounds are

provided in Tables 3.1 and 3.2, respectively.

Table 3.1. Crystallographic Parameters for Ce,NiGa;o and Pr,NiGay,

Crystal Data

Formula
a(A)
c(A)
V(A%

Z

Crystal Dimension (mm®)

Crystal System
Space Group

0 range (°)
p(mm-)

Data Collection
Measured Reflections

Independent Reflections
Reflections with I > 3c6(I)

Rinl
h
k
[

Refinement

aRl

PWR,(F?)

Reflections
Parameters

Aprmax (€ A)

Apmin (€ A7)
Extinction coefficient

CezNiGalo
4.2390(5)
26.386(4)
474.13(10)
2

0.05x0.05x0.075

Tetragonal
14/mmm

0.998-30.034

62.291

472

239

225
0.0445

-5 - 5
-4 — 4
-24 — 35

0.0409
0.1086
239

19

2.689
~2.775
0.0076(10)

Pl‘zNiGalo

4.2330(4)

26.364(3)

472.40(8)

2

0.025 x 0.030 x 0.045
Tetragonal

14/mmm
0.998-30.034

62.86

1185

254

244
0.0385

-5 - 5
-4 — 4
-25 — 36

0.0585
0.1315
254

9

6.275
~1.700
0.0015(8)

Ry = 2|\Fo| - |Fell/]Fo|

bWRz — Z[W(Foz _ FCZ)]/ Z[W(F02)2]1/2
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Table 3.2. Crystallographic Parameters for Ce;NiGa;; and Pr,NiGa;;

Crystal Data

Formula CeyNiGay, Pr,NiGa;,
a(A) 6.0360(3) 6.0080(7)
c(A) 15.5060(15) 15.454(3)
V(A% 564.93(7) 557.83(13)
Z 2 2

Crystal Dimension (mm’)  0.050 x 0.060 x 0.065 0.025 x 0.030 x 0.075
Crystal System Tetragonal Tetragonal
Space Group P4/nbm P4/nbm

0 range (°) 1.018-30.034 0.998-30.034
p(mm™) 52.279 53.231
Data Collection

Measured Reflections 1120 933
Independent Reflections 456 346
Reflections with I > 4c6(I) 375 193

Rins 0.0307 0.1161

h -8 — 8 -7 — 7
k -6 — 6 -5 -5

/ -21 — 11 -17 — 15
Refinement

Ry 0.0406 0.0496
"wWR,(F?) 0.0710 0.1109
Reflections 456 346
Parameters 26 25

Apmax (€ A7) 2.480 4.077
Apmin (€ A7) ~1.397 -2.931
Extinction coefficient 0.0010(2) 0.0020(4)

Ry =2||Fo| - |[Fl/IF

bWRz — Z[W(Foz _ FCZ)]/ Z[W(F02)2]1/2

3.2.3. Physical Property Measurements. The electrical resistivity and magnetoresistance of the
LnyNiGajg and Ln,NiGaj, (Ln = La, Ce, Pr) compounds were measured by the standard 4-probe
AC technique at 27 Hz. Pt wires (0.002 inch diameter) were attached to the sample with Epotech

silver epoxy. The sample was vapor cooled in a Quantum Design cryostat. The bulk magnetic

37



susceptibility and magnetization versus field were also measured in a PPMS system from

Quantum Design in fields up to 9 Tesla.

3.3. Results and Discussion

3.3.1. Structure of the Ln,NiGa;o (Ln = Ce, Pr). The
crystal structure of Pr,NiGa,o is shown in Figure 3.1.
LnyNiGayy (Ln = Ce, Pr) crystallize in a tetragonal
14/mmm space group (no. 139) and have lattice
parameters of a = 4.2390(5) A, ¢ = 26.3860(3) A, Z =

2, V= 47413 (11) A%, and a = 4.2330(4) A, ¢ =

26.364(3) A, Z =2, V = 472.40(8) A’, for Ce;NiGay
and PrNiGa,, respectively, with the Ln, Ni, Gal, Ga2,  Figure 3.1. The crystal structure of
Ce,;NiGag. The Ce atoms are shown
Ga3, and Ga4 atoms occupying the 4e, 2b, 4d, 8g, 4e,  in blue, Ni polyhedra are shown in
purple, and the Ga atoms are shown
and 4e Wyckoff symmetry sites, respectively. The in green.
atomic positions and displacement parameters for the Ln,NiGa;o (Ln = Ce, Pr) compounds are
provided in Table 3.3. Selected inter-atomic distances for the Ln;NiGajy (Ln = Ce, Pr)
compounds are also shown in Table 3.4. The overall structure of the Ln,NiGa, (Ln = Ce, Pr)
compounds consists of a periodic layering of face-sharing NiGag, rectangular prisms and Ln
atoms, which are encapsulated in Ga-only cages. These cage-like encapsulations resemble the
inverse PbO-type Cr,Si; cages in the ThCr,Si;- type structure.®?
Each Ln atom of Ce;NiGa;y and ProNiGajg is connected to Ga3 atoms with interatomic

distances of 3.1775(9) A (x4) and 3.1703(14) A (x4), respectively. These distances are

consistent with the expected Ln-Ga distances obtained from the summation of the covalent radii
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of Ce or Pr (1.65 A)® and Ga (1.25 A).* These Ln-Ga3 distances are also consistent with the
Ce-Ga3 distance of 3.2448(7) A found in Ce,PdGa,o.>

Table 3.3. Atomic Positions and Displacement Parameters in Ce;NiGa;y and Pr;NiGa;y

Atom Wyckoff X ¥ z U,y (A%
Position
Ce 4e 0 0 0.35391(4) 0.0067(5)
Ni 2b 0 0 1/2 0.0064(8)
Gal 4d 0 1/2 1/4 0.0205(7)
Ga2 8g 1/2 0 0.45078(5) 0.0083(5)
Ga3 4e 0 0 0.10613(9) 0.0186(7)
Ga4 4e 0 0 0.19760(9) 0.0118(6)
Pr 4e 0 0 0.35410(6) 0.0060(6)
Ni 2b 0 0 1/2 0.0054(11)
Gal 4d 0 1/2 1/4 0.0231(10)
Ga2 8g 1/2 0 0.45090(8) 0.0065(7)
Ga3 4e 0 0 0.10627(14)  0.0088(8)
Ga4 4e 0 0 0.19748(16)  0.0191(10)

aUeq is defined as one-third of the trace of the orthogonalized Uj; tensor.

The transition metal environment of the Ln,NiGa;yo compounds consists of face-sharing
NiGag, rectangular prisms, where the Ni atoms are connected to Ga2 atoms at distances of
2.4858(7) A (8x) and 2.4810(11) A (8x) for Ce;NiGajo and Pr,NiGay, respectively. These Ni-
Ga distances are consistent with other Ni-Ga distances in the reported Ce,NiGajo [2.494(2) A],
andYNiGa;Ge [2.4632(8) A]*® compounds.

The Ln atoms in the structure of the Ln,NiGa;o compounds are staggered along the c-axis
and separated by Gal-Ga4 tetrahedral slab layers, which are similar to the PbO-type Ni,B, and
NiAlsGe; slab layers found in the structurally related LnNi,B,C (Ln =Y, La, Ce, Sm, Tb, Dy,
Ho, Er, Tm, Lu)* and Tb,NiAL;Ge, compounds, respectively.” The Ln-Ln. contacts across
these Gal-Ga4 tetrahedral slab layers are 6.249(11) A and 6.252(13) A for Ce;NiGa;y and

Pr,NiGay, respectively. The Ln-Ln,., contacts are 4.239(3) A and 4.233(7) A for Ce;NiGajo and
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Pr,NiGay, respectively. These distances are similar to the Ce-Ce,; distance of 4.262(3) A found
in the reported Ce,NiGayo.”> Although, these distances are too long to be considered bonding,
they are consistent with the Ce-Ce,, distance of 4.323(6) A and Ce-Ce, distance of 6.258(5) A
found in Ce,PdGay.

Table 3.4. Selected Interatomic Distances (A) and Bond Angles (°) of Ce;NiGa;y and
PI‘zNiGam

CezNiGalo PeriGam

Ce-Ga3 layer Pr-Ga3 layer

Ce-Ga3 (x4) 3.1775(9) Pr-Ga3(x4) 3.1703(14)

NiGag/,; segment NiGag/, segment

NiGags (x8) 2.4858(7) NiGag, (x8) 2.4810(11)

Gal-Ga4 slab layer Gal-Ga4 slab layer

Gal-Ga4 (x4) 2.5305(14) Gal-Ga4 (x4) 2.529(2)

Ga4-Ga3 (x1) 2.414(4) Ga4-Ga3 (x1) 2.405(6)

Angles Angles

Ga3-Ce-Ga3 83.68(3) Ga3-Pr-Ga3 83.77(4)

Ga2- Ni- Ga2 79.34(4) Ga2- Ni -Ga2 74.20(4)
117.00(5) 117.10(8)
63.00(5) 62.90(8)

Gal-Ga4-Gal 72.63(4) Gal-Ga4-Gal 72.56(8)

Ga4-Gal-Ga4 107.37(5) Ga4-Gal-Ga4 107.44(8)
113.77(9) 113.61(16)

3.3.2. Structure of the Ln;NiGa;; (Ln = La, Ce, Pr) Compounds. Figure 3.2 shows the crystal
structure of Pr,NiGa,, which is isostructural to the reported szNiGa1287 and CedeGa12.32 The
Ln;NiGay, (Ln = Ce, Pr) compounds crystallize in a tetragonal space group, P4/nbm (no. 125
with origin choice 2) with lattice parameters of a = 6.0360(3) A, ¢ = 15.50602) A, Z=2, V =
564.93 (15) A’ and a = 6.0080(7) A, ¢ = 15.454(3) A, Z =2, V = 557.83(13) A® for Ce,NiGa,,

and Pr,NiGa,,, respectively. The Ln, Ni, Gal, Ga2, Ga3, and Ga4 atoms occupy the 44, 2c, 4g,
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4g, 8m, and 8m Wyckoff symmetry sites,
respectively. The structures of the LnyNiGay, (Ln =
Ce, Pr) compounds consist of the stacking of NiGag,
rectangular prism layers and Ln-Ga layers, where the
Ln atom is coordinated by 10 Ga atoms. The atomic

positions and displacement parameters of the

LnyNiGaj, (Ln = Ce, Pr) compounds are provided in

Figure 3.2. The crystal structure of
Table 3.5. Selected interatomic distances and bond  Pr,NiGa,, along the c-axis. The Pr

. ' atoms are shown in blue, Ni
angles m the L}’lleGalz (Ln = Ce, Pr) Compounds are polyhedra are Shown in fuschia’ and

Ga atoms are shown in green.
also provided in Table 3.7.

Table 3.5. Atomic Positions and Displacement Parameters in Ce;NiGa;; and Pr;NiGa;;

Atom Wyckoff X y z U,y (A%
Position
Ce 4h 3/4 1/4 0.24439(4) 0.0074(2)
Ni 2c 3/4 1/4 0 0.0079(4)
Gal 4g 3/4 3/4 0.18143(8) 0.0087(3)
Ga2 4g 3/4 3/4 0.33955(9) 0.0119(3)
Ga3 8m 0.50023(8) 0.00023(8) —0.08340(5) 0.0093(2)
Ga4 8m 0.57027(11)  0.07027(11)  0.42816(7) 0.0212(3)
Pr 4h 3/4 1/4 0.24459(1) 0.0065(6)
Ni 2c 3/4 1/4 1/2 0.0043(13)
Gal 4g 1/4 1/4 0.3183(2) 0.0085(10)
Ga2 4g 1/4 1/4 0.1606(3) 0.0118(10)
Ga3 8m 0.50058(3) 0.00058(3) —0.08399(16) 0.0071(7)
Ga4 8m 0.56967(11)  0.06967(11) 0.42809(2) 0.0255(10)

*U,, is defined as one-third of the trace of the orthogonalized Uj; tensor.
When a bonding cut-off of 3.3 A is applied, the Lz atom is coordinated to 10 Ga atoms:
4 Gal, 4 Ga3, and 2 Ga4. The Ce-Ga distances [3.1720(5) A- 3.2855(9) A] and Pr-Ga distances

[3.1575(13) A- 3.271(3) A] in these compounds are similar to the expected inter-atomic
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distances obtained from the summation of the covalent radii of Ce or Pr (1.65 A) and Ga (1.25
A).% In particular, the Ce-Ga distances in Ce;NiGais [3.1720(5) A- 3.2855(9) A] are in good
agreement with the Ce-Ga distances in Ce,CuGay,*' and Ce,PdGay,** compounds, as shown in
Table 3.7.

Table 3.6. Selected Inter-atomic Distances (A) in Ce;NiGa;; and Pr,NiGap,

CezNiGalz PeriGau
Ce layer Pr layer
Ce-Gal (x4) 3.1720(5) Pr-Gal (x4) 3.1575(13)
Ce-Gad (x2) 3.2361(11) Pr-Ga4 (x2) 3.220(3)
Ce-Ga3 (x2) 3.2830(9) Pr-Ga3 (x2) 3.271(3)
Ce-Ga3 (x2) 3.2855(9) Pr-Ga3 (x2) 3.262(3)
NiGas Segment NiGas Segment
Gal-Ga3(x4) 2.6201(9) Gal-Ga3 (x4) 2.606(3)
Ni-Ga3 (x4) 2.4936(8) Ni-Ga3 (x4) 2.483(3)
(x4) 2.4969(8) (x4) 2.496(3)
Ga - only Segment Ga - only Segment
Ga2-Ga4(x4) 2.6080(9) Ga2-Ga4 (x4) 2.599(3)
Ga4-Ga4(x1) 2.531(2) Ga4-Ga4 (x1) 2.525(5)

Table 3.7. A Comparison of the Ce-Ga distances (A) in the Ce;MGa;; Compounds (M = Ni,
Cu, and Pd) Compounds

Ce,NiGaj, Ce,CuGay,?! Ce,PdGay,*?

Ce-Gal (x4) 3.1720(5)  Ce-Gal (x4)  3.2322(7) Ce-Gal (x4)  3.2033(5)
Ce-Gad (x2) 3.2361(11) Ce-Gad (x2)  3.2102(17)  Ce-Gad (x2)  3.2286(13)
Ce-Ga3 (x2) 3.2830(9) Ce-Ga3 (x2)  3.2863(13)  Ce-Ga3 (x2) 3.2772(11)

Ce-Ga3 (x2) 3.2855(9)  Ce-Ga3 (x2)  3.2903(13)  Ce-Ga3 (x2) 3.2808(11)

The transition metal environment of the Ln;NiGa;, compounds consists of face-sharing

rectangular prisms, where the Ni atom is coordinated to 8 Ga3 atoms. These Ni-Ga3 distances,
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which range from 2.483(3) A to 2.4969(8)A, are consistent with the summation of the covalent
radii for Ni (1.15 A) and Ga (1.25 A).%

The Ga-only segment of the Ln;NiGa;> compounds consists of two Ga layers, where one
layer is composed of Ga2 atoms and the other of Ga4 atoms. These Ga- only segments separate
the Ln atoms along the c-axis. In the Ln;NiGa;, (Ln = Ce, Pr) compounds, there are Ln-Ln,, and
2 distinct Ln-Ln, distances. The Ln-Lng, distances, which are 4.268(6) A and 4.248(4) A for
Ce;NiGaj; and Pr,NiGay,, respectively, are longer than the summation of the covalent radii of Ln
and Ga but may exhibit weak bonding interactions. These distances are also in good agreement
with the Ce-Ce,, contact distances of 4.316(6) A™ and 4.319(7) A*' found in Ce,PdGa;, and
Ce,CuGay,, respectively. However, the Ce-Ce, distances of 7.579(5) A and 7.927(7) A found in
Ce,NiGay; and Pr-Pr, distances of 7.559 (5) A and 7.895(6) A in Pr,NiGay,, are too long to be
considered bonding. The distances are also comparable to the Ce-Ce, distances of 7.669(5) A
and 7.880(6) A*? found in Ce,PdGa,, and 7.576(6) A and 7.799(7)*' A found in Ce,CuGay..

3.3.3. Transport and Physical Properties of Ln;NiGa;y (Ln = Ce, Pr). Figure 3.3 shows the
350

normalized electrical resistivity for
. . 300
Ce;NiGajp and PryNiGay,. The
resistivity data of these samples were § 250
G
3. %
measured with the field parallel to the :>: 200 - .
=
ab-plane of the single crystals. For % 150 I ]
]
&
Pr,NiGay, the resistivity from 50 K to 100
i Ce ]
300 K is observed to increase linearly
, , , 0 50 100 150 200 250 300
as a function of increasing TK)

Figure 3.3. The normalized electrical resistivity for
the current parallel to the ab-plane of single crystals
of Ce;NiGajy (shown in blue) and Pr,NiGaj (shown
in green) as a function of temperature.

temperature, which is expected for a
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typical metal. However, the resistivity of Ce,NiGa,o is smaller in magnitude and shows a linear

behavior from 150 K to 300 K. A broad shoulder in the resistivity for the Ce,NiGa;o compound

1s similar to the broad shoulder observed in Ce,PdGa;, which indicates the onset of Kondo

coherence.

Figure 3.4 shows the magnetic susceptibility of both Ln;NiGa;o with field perpendicular

to the a-b plane. Antiferromagnetic transitions occur at 7y = 2.78 K, with 6 =-9, and Ty = 7.3 K,

with 0 = -5.2, for Ce,NiGa and Pr,NiGay, respectively. The inset shows the Curie Weiss fit

from 10 K to 80 K for the Ce analog. Using this fit, Ce is observed to possess a magnetic

moment of 2.58 pp, which is
consistent with the Ce*'moment of
2.54 pg. Using a similar fit for the Pr
analog, a magnetic moment of 3.48 g
1s obtained for Pr, which is consistent
with the Pr’" moment of 3.58 UB.
Figure 3.5 shows the
magnetization data as a function of
field for both Ln,NiGa,o (Ln = Ce, Pr)
compounds. The Ce analogue is
observed to saturate at a lower value
(~ 1.9 pp) than the calculated pg, of

2.14 pp for Ce™. This may be

M/H(emu/mol- Ln3+)

e
—
W

0.05 |
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1/y, (mol-Ce/ emu)
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Figure 3.4. The magnetic susceptibility of a single
crystals of Ce;NiGa; (shown in blue) and Pr,NiGa,g
(shown in green) as a function of temperature for
field perpendicular to the ab-plane. The inset shows
the inverse susceptibility (H/M) of Ce;NiGa;y with
Curie-Weiss behavior as a function of temperature
from 10 K to 80 K. The solid lines in the figures are
a fit to the data as described in the text.

attributed to spin disorder scattering in this compound, which is indicated by the drop in the

resistivity data. Step-like transitions are observed for the Pr,NiGa;o with increasing field. These
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transitions are consistent with

metamagnetic  behavior, where a

compound fluctuates from

antiferromagnetic to  ferromagnetic

transitions as magnetic fields are

induced.

3.3.4. Transport and Physical

Properties of the Ln,NiGa;; (Ln = La,
Ce, Pr) Compounds. Figure 3.6
shows the resistivity for the Ln,NiGa;,
(Ln =

Ce, Pr) and Ce;CuGaj;

compounds. The electrical resistivity
for Ce,NiGaj, is observed to increase
linearly as a function of increasing
temperature from 7 = 100 K- 300 K.
However, a broad shoulder is observed
in the resistivity at 7= 100 K- 0 K, and
a kink is observed at 7.5 K, which
with the

correlates ordering

temperature. For PrNiGaj,, the

resistivity is observed to increase
linearly with increasing temperature at

T =10 K- 300 K. The resistivity of

4.0 ¢

M (n /Ce)

H (Tesla)

Figure 3.5. Magnetization versus field for single
crystals of Ce;NiGa;o and Pr;NiGajg at 3 K shown in
closed blue and open green diamonds, respectively,
for the field parallel to the ab-plane.
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r CezNiGalz
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Resistivity (LQ cm)
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Figure 3.6. The normalized electrical resistivity of a
single crystals of Ce;NiGaj;, Ce,CuGaj, and
Pr;NiGay; are shown in blue closed circles, red open
diamonds, and green open diamonds, respectively, as
a function of temperature for the current parallel to
the ab-plane.
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Ce,CuGajy, which is shown 020 [
— 0.20 e
for comparison, exhibits a i f? Pr,NiGa,,
: . 015 b = ousie 2 1 A
linear behavior from 7 = 300 ) i 3 013 Ce;NiGay,
@) 3
— £
K to 100 K. However, below g £ 010
. ‘ 2 o010 s |
100 K, there is a large drop in E i S 0.050
e . I
resisitivity accompanied by a S I
0.050 4 .
broad shoulder, which is also
indicative of the onset of ¢
00 ———— ——
Kondo coherence. This 0 50 100 150 200 250
T(K)
signature  feature  in  the Figure 3.7. The magnetic susceptibilities of single crystals
o of Ce;NiGaj; (shown in blue), Ce,CuGa;, (shown in red),
resistivity is similar to the one and PrNiGa;; (shown in green) as a function of
. ) temperature for field perpendicular to the ab-plane. The
found in that of Ce;NiGayo and inset shows a closer view of the magnetic susceptibility
31 from 0 K to 50 K.
CedeGam.

Figure 3.7 shows the magnetic susceptibilities of the Ln,NiGa,;, (Ln = Ce, Pr) and
Ce,CuGay,®' compound with field parallel to the c-axis. Kinks in the magnetic susceptibility,
which suggest antiferromagnetic transitions occur at 7y = 7.5 K and 10.56 K for Ce,NiGa;, and
Pr,NiGay,, respectively. However, paramagnetic behavior is observed for Ce,CuGa;; down to 3
K.

A Curie Weiss fit (not shown) for Ce;NiGaj, from 7= 15 K to 120 K is used to obtain an
effective magnetic moment of 2.48 pg for Ce, which is consistent with a Ce’ ' moment of 2.54 g
Ce**. Using a similar fit, from T = 10 K to 150 K an effective magnetic moment of 3.38 g was

obtained for Pr, which is consistent with the Pr’~ moment of 3.58 pg. For comparison, an

46



effective magnetic moment of 2.36 ug was obtained for Ce in Ce,CuGai,, which is slightly
smaller than the expected value for Cce’ (2.54 Ug).

Figure 3.8 shows the magnetization data as a function of field at 3 K for Ln,NiGa,, and
Ce,CuGaj,. For Ce;NiGa,, saturation is observed up to fields of 9 Tesla, which is consistent
with the calculated pg, of 2.14 pp for Ce**. For the Pr,NiGa,, the onset of saturation is also

observed at fields up to 9 Tesla, which is consistent with the calculated psat of 3.20 ug for Pr’".

: 4 —
However, the magnitude of the [ ]
35 L PeriGa!}Qﬁ e — = — E
magnetization of Ce,CuGay, is lower i P f.
b K4 L
3k o
than the expected pg of 2.14 pg for - i Ce;NiGa;;,
3 25¢ ~ ]
Ce**, which may be attributed to the S h T=3K
< 2r ¢ B
-} L
Kondo shielding effects observed in & st //
= ]
o . : 4
the resistivity data (Figure 3.6). b /
r / Ce2CUG312
[ e — o T
Figure = 3.9  shows the 05 | PSR e o ]
normalized electrical resistivity of 0 & L
0 2 4 6 8
single crystals of La;NiGa;; and H(Tesla)

Figure 3.8. Magnetization as a function of magnetic
La,CuGay; for current parallel to the - field for single crystals of Ce,NiGaj, (shown in
blue), Pr,NiGa;; (shown in green), and Ce,CuGa;;
b plane. The resistivity of La;NiGai2  (shown in red) at 3 K.
exhibits linear behavior from 250 K down to 10 K. However, a drop in the resistivity is observed
at 2 K, which may be attributed to an impurity phase or Ga flux on the surface of the crystal.
Figure 3.10 shows the in plane magnetoresistance (MR (%) = [(p(H) - p(0)) / p(0)] x 100)
of single crystals of La;NiGa;, and La,CuGa;;. While both compounds exhibit large MR, the

MR for La,NiGa;; (MR% > 600 at 9 Tesla) is substantially larger than the MR of La,CuGa;,
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(MR %. ~ 90 % at 9 Tesla). The recalibrated magnetoresistance of La,NiGa;, (not shown) with

the Ga impurity at 0.09 K subtracted is still large (MR% > 200%) and does not saturate.
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Figure 3.9. The normalized electrical Figure 3.10. The in plane magnetoresistance

resistivity of single crystals of La;NiGaj;; and  (MR) of single crystals of La,NiGa;; and

La,CuGay; are shown in blue open circles and  La,CuGaj, are shown in blue open circles and

red open diamonds, respectively, as a function  red open circles, respectively.

of temperature for the current parallel to the

ab-plane. The inset shows the kink in the

resistivity at 7= 2 K for La;NiGa,,.

150

0 50 100

3.4. Discussion

3.41. Ce,PdGayy with Ni. It has been observed that the Ln,NiGa;; compounds consistently
exhibit higher magnetic ordering temperatures than their Ln,NiGa;o counterparts. Table 3.8
shows the magnetic data for Ln,NiGa;p and Ln;NiGa;, (Lr = Ce, Pr) in comparison to the
reported magnetic data for Ce,PdGa;y’' and Ce,PdGaj,.”>  While CeoNiGag, and ProNiGay,
magnetically order at 7 = 7.6 K and 10.4 K, respectively, the magnetic order observed for their
Ce;NiGajy (Tv = 2.78 K) and Pr;NiGajy (T = 7.22 K) counterparts is slightly lower. One
explanation is that magnetic ordering can be quenched through Kondo- like interactions, where

the conduction electrons “shield” the magnetic ion, thus leading to a lower ordering temperature
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in LnyNiGayg (Ln = Ce, Pr). This suppression of the magnetic order is similar to that observed in
Ce,PdGa,o (magnetic transition at 1.86 K) when compared to that of CePdGas (7 = 5.5 K)and
Ce,PdGay, (T = 10.5 K).*!

3.4.2. Ce,PdGa;; with Ni. In other systems, such as the Ln;NiGa;, (Ln = Ce, Pr) and
CedeGa]z,32 RKKY- like interactions may dominate due to hybridization effects influenced by
“close” conduction electron carriers, and magnetic ordering is more pronounced. However, we
propose that in the Ce,CuGa;, compound, Kondo- like interactions are more dominant due to the
extra conduction electrons in this compound. This is also suggested by the large drop and broad
shoulder near 100 K, which is present in the resistivity data for this compound as shown in
Figure 3.6.

Table 3.8. Overview of the Physical Properties Data of the Ln,NiGa;y (Ln = Ce, Pr) and
Ln,;NiGa;; (Ln = Ce, Pr) Compounds

Compound  Ordering Ordering Ow esr(calc.) e (€XP.)
Type Temperature (K) (uB) (uB)
(K)
CeNiGa;y AFM* 2.78 -9.0 2.54 2.58
Pr)NiGa,y AFM* 7.22 =52 3.58 3.48
Ce,PdGa;y” 2 1.86 ~0 2.54 2.50
CeNiGa;; AFM* 7.50 5.20 2.54 2.48
Pr,NiGa;; AFM® 10.56 0.84 3.58 3.34
Ce,CuGaj, PM” — ~11.14 2.36 2.54
Ce,PdGa;,”> AFM® 10.5 -14.5 2.54 2.59
* Antiferromagnetic

®Paramagnetic down to 3 K
Because the number of Ce-Ga contacts is the same for each compound within a given

family, comparing the Ln-Ln contact distances may offer insight into the physical properties
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observed for each particular compound. Tables 3.9 shows the Ln-Ln contact distances in the
Ln;NiGayo and LnoNiGa;, compounds in comparison to those found in Ce,PdGaj’’ and
Ce,PdGa),* respectively. For example, the Ce-Ce,.; contact found in Ce,NiGay [4.239(3) A]
are noticeably closer than the Ce-Ce,, contact [4.323(6) A] found in Ce,PdGajo. As a result, a
higher magnetic ordering temperature of 2.78 K is observed for Ce,NiGa;p when compared to
Ce,PdGa,g, which exhibits a magnetic transition at 1.86 K. In contrast, although the Ln-Ln,,
distances of 4.268(6) A and 4.248(4) A found in Ce;NiGa;, and ProNiGai,, respectively, are
closer than the Ce-Ce, contact distance of 4.316(6) A found in Ce,PdGa,,, lower ordering
temperatures are observed for the Ln,NiGa;, compounds. These lower ordering temperatures
may be attributed to Kondo-like interactions, which may suppress the magnetic ordering in these
materials, as suggested in the resistivity data for these compounds (Figure 3.6).

Table 3.9. Selected Ln-Ln distances in Ln;MGa;y and Ln,MGa,, (Ln = Ce, Pr; M = Ni, Pd)

Distances (A) CesNiGag Pr,NiGaj Ce,PdGayg
(Ln-Ln)gp 4.239(3) 4.233(7) 4.323(6)
(Ln-Ln).' 6.249(11) 6.252(13) 6.258(5)
(Ln-Ln).? 7.709(8) 7.693(10) 7.807(7)
Ordering Type AFM* AFM? PM"
Ordering Temp. (K) 2.78 7.3 —
Distances (A) CesNiGay, Pr,NiGa;, Ce,PdGa;
(Ln-Ln),p 4.268(6) 4.248(4) 4.316(6)
(Ln-Ln),' 7.579(5) 7.559(5) 7.669(5)
(Ln-Ln).* 7.927(7) 7.895(6) 7.880(6)
Ordering Type AFM* AFM* AFM?
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(Table Continued)

Ordering Temp. (K) 7.5 10.56 10.5

*Antiferromagnetic
bParamatgnetic down to 3 K
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CHAPTER V. INVESTIGATING THE STRUCTURE OF YbsPty USING SINGLE
CRYSTAL X-RAY DIFFRACTION AND NEUTRON POWDER DIFFRACTION'

4.1. Introduction

Studying quantum criticality in HF systems materials may lead to a better understanding
of the underlying behavior in these complex systems.” Yb-based compounds are of great interest
because they can be viewed as the hole-doped analogue to Ce, and the vast majority of heavy
fermion compounds are Ce and Yb-based.”® For example, in the well studied YbRh,Si,
compound, which lies near a QCP, magnetic field (B, = 0.66 T) was used as a tuning parameter
to suppress the magnetic order (7x = 70 mK) in this compound.'*'* ***>  Another example,
YbBiPt, which is a member of the MgAgAs-type compounds where the lattices of Mg and As

93,94 .

atoms form the rock salt structure with Ag atoms being encapsulated in every other cube, is

the “heaviest” known heavy fermion [Sommerfeld coefficient (y) of 8000 mJ/ mol K*] and also
exhibits magnetic ordering.” *°

In our interest in investigating the structure-property relationships of highly correlated
materials, we have studied various Yb binaries. Mixed valency (Yb’"/Yb*") has been observed
in several Yb-Pt binary phases, such as Yb,Pt, YbsPt;, and YbsPt,.)” % In theory, these valence
fluctuations in these materials should diminish magnetic ordering. However, magnetic ordering
has been found in several of the Yb-Pt mixed-valent compounds, such as in YbPt; and Yb;Pts,
where antiferromagnetic ordering is observed at Ty = 0.30 K and 0.95 K, respectively.”

Recently, a new ferromagnetic Yb-based binary compound, YbsPto, has been synthesized

using flux growth. YbsPtg is a rare example of a ferromagnetic heavy fermion compound with

double magnetic transitions at 7c = 0.6 and 0.65 K, and y ~ 12,000 mJ/mol-K* below 0.8 K.'"”

!'Section of this chapter is taken from Phys Rev B., 74, Kim, M. S.; Bennett, M. C.; Sokolov, D. A.; Aronson, M.
C.; Millican, J. N.; Chan, J.Y.; Huang, Q.; Chen, Y.; Lynn, J. W., Copyright (2006), with permission from APS
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Figure 4.1 shows the location of YbsPty in the Yb-Pt binary phase diagram. Structural

information for other Yb-Pt binaries is provided in Table 4.1.
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Figure 4.1. The Yb-Pt binary Phase Diagram. The red line shows the position of YbsPtg in the

Yb-Pt binary phase diagram based on stoichiometry.
Retrieved from: Massalski, T., et al., Binary Alloy Phase Diagrams, Vol. 2, 1986, pp. 1922.

Table 4.1. Structural information for several Yb-Pt binary compounds

Compound Structure type* Lattice constants (A) Method*
a b C

YbsPt, MnsC, 15.896 6.476 7.576 sc

Yb,Pt PbCl, 7.614 4.400 8.957 sc, p

YbsPt3 Mn;sSi; 8.337 — 6.251 sc, p

YbsPty SmsGey 7.390 14.319 7.506 sc, p
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(Table Continued)

YbPt FeB 6.8514 4.429 5.480 sc, p
YbsPty PusPd, 12.888 — 5.629

YbPt, MgCu, 7.546 — —

YbPt; AuCus 4.040 — —

* s¢ = single crystal, p = powder.
Adapted from: Iandelli, A. and Palenzona, A., J. Less Common Met., Vol. 43, 1975, pp. 207.

4.2.1. Single Crystal X-ray Diffraction. Single crystals of
YbsPty were synthesized using excess Pb, as shown in
Figure 4.2. A silver colored crystal fragment of dimensions

0.025 x 0.025 x 0.025 mm® was mechanically extracted and

mounted onto the goniometer of a Nonius Kappa CCD 1 mm
diffractometer equipped with a MoK, (A = 0.71073 A)

Figure 4.2. Single crystal of
radiation tube. The structure was solved and refined using  YbsPto.
the SHELXL97 program.”’ Suggested systematic absences were used in assigning the space
group, Cmmm. Table 4.2 lists several other possible space group choices, which included the
suggested systematic absences, but did not reflect the best possible structural model. Corrections
were made for absorption and extinction, and the atomic positions were refined with anisotropic
displacement parameters. Due to the large mass absorption coefficients of Yb (80.23 cm’g™") and
Pt (108.6 cng'l) using a MoK, (A = 0.71073 A) X-ray source, the R-value of 9.3%, was
obtained for the best structural model. However, neutron powder diffraction was used as a
complementary tool in confirming the orthorhombic structure. In addition, electron
microanalysis experiments were also conducted on polished single crystals using a Cameca

SX100 microprobe system in order to confirm the lack of Pb impurities.  Selected

crystallographic parameters for YbsPty are provided in Table 4.3.
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Table 4.2. Space group choices for YbsPty

Space group “R-value (%)

C2c ~21
Cmmm* 9.30
Ce 14.96
A2m 13.16
P42n 79.6
P2,224 24.90

"Ry = Z|Fo| - [FI/ZIF
* Space group applied to construct the best structural model

Table 4.3. Crystallographic Data for YbsPty

Formula YbsPt,

a(A) 13.5550(5)

b(A) 13.3720(5)

c(A) 5.6540(3)

V(A% 1024.83(8)

Z 16

Crystal Dimension (mm’) 0.025 x 0.025 x 0.025

Crystal System Orthorhombic

Space Group Cmmm

0 range(°) 0.998 - 30.034

2 (mm™) 155.811

Data Collection

Measured reflections 2354

Independent reflections 848

Reflections with 7 >4c(/) 765

Rins 0.1051

h -18 > 18

k -18 > 16

[ —7—17
Refinement

“Ri[F* > 20(F%)] 0.0930

PWRy(F?) 0.2807

Reflections 848

(Table Continued)

Parameters 50

Apmax (€ A7) 20.721

Aprmin (e A7) ~14.005

“Ri = 2||Fo| - [FJl/2|F|
Wy = [LIW(Fo? — FY) ZIwFD
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4.2.2. Neutron Powder Diffraction. Single crystals of YbsPty were crushed into a 4 gram
powder sample. Neutron Diffraction measurements were conducted on the polycrystalline
sample using the BT-1 powder diffractometer, which is equipped with a Ge 311 vertically
focusing monochromater (A = 2.079 A).
4.3. Results and Discusssion

4.3.1. Structure. The crystal structure of YbsPty
is shown in Figure 4.3. The atomic positions and
displacement parameters of YbsPty are provided in
Table 4.4. YbsPtg crystallizes in an orthorhombic
Cmmm (No. 65) space group with Ilattice
parameters of a = 13.5550(5), b = 13.3720(5), ¢ =

5.6540(3) A, and V' = 1024.83(8) A®, with Z = 19.

The unit cell consists of 4 unique Yb and 6 unique  Figure 4.3. The crystal structure of YbsPto.
YDb atoms are shown in blue, and Pt atoms
Pt atoms, which reside in the 2b, 2d, 8p, and 8¢  are shown in orange.

and 2a, 2c, 8n, 8o, 8p, and 8q Wyckoff sites, respectively.

Table 4.4. Atomic Positions and Displacement Parameters for YbsPty

Atom Wyckoff X y z Uey (A%
Position
Ybl 2b 1/2 0 0 0.0071(10)
Yb2 2d 12 12 12 0.0038(9)
Yb3 8p 0.32260(14)  0.63083(19) 0 0.0062(7)
Yb4 8q 0.36889(15) 0.82253(15) 1/2 0.0043(7)
Ptl 2a 1/2 1/2 0 0.0060(8)
Pt2 2c 1/2 0 1/2 0.0071(9)
P33 8n 12 0.69230(16)  0.75022)  0.0037(7)
pPt4 8o 0.30769(13) 0 0.7499(2) 0.0033(7)
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(Table Continued)
Pt5 8p 0.38884(12)  0.83037(14) 0 0.0041(6)
Pt6 8q 0.33043(11)  0.61154(15) 1/2 0.0046(7)

aUeq is defined as one-third of the trace of the orthogonalized Uj; tensor.

The structure of YbsPty consists of four
unique Yb environments and six unique Pt
environments. Selected  interatomic
distances are provided in Table 4.5. While
the Ybl and Yb2 atoms are coordinated to

10 Pt atoms with distances ranging from

2.700(18) A to 2.93512) A and form

Figure 4.4. YDl environment (C.N. = 10) in
YbsPto. The Yb atom is shown in purple, and the
Pt atoms are shown in gold.

snubbed cuboctahedra, the Yb3 and Yb4

atoms are coordinated to 9 Pt atoms with

Yb2

distances ranging from 2.815(3) A to
2.974(2) A. Figure 4.4 shows the snubbed
cuboctahedral environment for Ybl. These
distances are similar to the Yb-Pt distances
found in Yb,Pt,Pb (~2.844 A — 2.935 A)'"!
and the summation of the covalent radii for

65
Yb (1.70 A) and Pt (1.29 A). Figure 4.5. The Pt octahedral environment in

YbsPto. The Pt atom is shown in gold, the Yb2
atoms are shown in purple, and the Yb3 atoms
are shown in blue.

The Ptl and Pt2 atoms form slightly
distorted octahedra with Pt-Yb distances

ranging from 2.82700(15) A — 2.974(2) A and Yb-Pt-Yb angles ranging from 89.230(1)° to
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90.769(1)°. However, the Pt3 and Pt4 atoms are coordinated to 7 atoms [Yb (x5) and Pt (x2)].
The distorted Pt1 octahedral environment is shown in Figure 4.5.

Table 4.5. Selected Interatomic Distances (A) and Angles (°) in YbsPto

Distances (A)

Yb1-Pt5 (x4) 2.7231(19)
Ybl-Pt2 (x2) 2.8270(15)
Ybl-Pt4 (x4) 2.9450(16)
Yb2-Pt6 (x4) 2.7400(18)
Yb2-Ptl (x2) 2.8270(15)
Yb2-Pt3 (x4) 2.9350(2)
Yb3-Ptl (x4) 2.974(2)
Yb3-Pt4 (x2) 2.8450(2)
Yb3-Pt6 (x2) 2.8425(4)
Yb4-Pt2 (x4) 2.965(2)
Pt1-Pt3 (x4) 2.934(2)

Angles (°)
Yb1-Pt2-Yb4 (x4) 89.431(1)

Yb1-Pt2-Yb4 (x4) 90.569(1)
Yb2-Pt1-Yb3 (x4) 90.768(1)
Yb3-Pt1-Yb2 (x4) 89.232(1)

4.3.2. Neutron Diffraction Experiments for YbsPto. Neutron diffraction experiments have
been used to investigate the nature of the magnetic order at the 0.6 K and 0.65 K phase
transitions in YbsPty. Figure 4.6 compares the powder pattern obtained at 1.8 K (a), where the
sample is paramagnetic, to the powder pattern at 0.3 K (b), where the sample is magnetically
ordered. Figure 4.6 also shows the difference (c) between the neutron diffraction pattern at 1.8 K
and 0.3 K. We note that the 1.8 K powder pattern is in full agreement with the orthorhombic
structure determined from single crystal X-ray diffraction. While the details of the magnetic

%2 the magnetic ordering wave vector was found to be

structure will be presented elsewhere,
wholly commensurate, adding to the intensities of the nuclear Bragg peaks with reduced

temperature. Every peak at 0.3 K can be indexed with the reported orthorhombic structure.

There are two possible interpretations of this finding. One possibility is that the ground state is
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Figure 4.6. A comparison of the neutron powder patterns for YbsPty at (a)1.8 K, (b) 0.3 K,

and (c) their difference. All the peaks can be indexed in the crystal unit cell, indicating that

the magnetic order is possibly ferromagnetic.

ferromagnetic, or alternatively, given that there are four inequivalent Yb atoms per unit cell, it is
possible that the order is antiferromagnetic with a wave vector commensurate with the high
temperature reciprocal lattice. While a definitive answer to this question awaits a determination

of the magnetic structure,'®” the field dependence of the heat capacity suggests that the magnetic

ground state has a ferromagnetic component.
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CHAPTER V. CRYSTAL GROWTH AND STRUCTURE OF THE R,Ir,0; (R = Pr, Eu)
COMPOUNDS USING MOLTEN KF!

5.1. Introduction

Members of the oxide pyrochlore family, with composition A,B,07,'” are of particular

104106 The structure of the oxide

interest for their electronic properties and ionic conductivities.
pyrochlore may be viewed as 4,0 anticristobalite networks, which form corner-sharing O2-Ry4
tetrahedral sublattices interpenetrating with a vertex-sharing BOs octahedral sublattice, where the
A" site is occupied by a trivalent rare-earth and the B™ site is occupied by a transition metal.'®®
The structure of the oxide pyrochlore is of interest because it supports geometric
frustration in 2 dimensions.'”” Geometric frustration in materials (GFM), which can result in the
suppression of magnetic ordering, is an area that has attracted attention since 1950.'%% 1% GFM
occurs when all pair-wise nearest-neighbor interactions of magnetic ions in materials are not
satisfied because of constraints in their lattice symmetry, as shown in Figure 5.1. This results in

7

degenerate ground states in temperatures down to almost absolute zero.'”” Triangle-based

?

(a) (b) (c)
Figure 5.1. Antiferromagnetic nearest neighbor ordering in (a) square- (b) triangle-, and (c)
tetrahedral- based lattices.

lattices, such as the pyrochlore, with short-range antiferromagnetic interactions are ideal systems

to study the effects of GFM.'"”” Experimentally, the signature marker of a geometrically

! Reprinted from: Mater. Res. Bull., 42, Millican, J. N.; Macaluso, R. T.; Nakatsujji, S.; Machida, Y.; Maeno, Y.;
Chan, J. Y., Copyright (2007), with permission from Elsevier
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frustrated antiferromagnetic (AF) system is shown in the inverse susceptibility, %', where the
Curie-Weiss Law is obeyed down to temperatures below the mean field ordering transition

107, 110, 111

temperature, Ocw. However, deviations from linearity occur at some temperature, 7F,

indicative of a phase transition. In a frustrated AF system, 7p << @cw, and the frustration
parameter, 75/ Ocw, can be used to quantify the frustration.'?”- 1% 111

In the oxide pyrochlores, it has been established that ferromagnetic nearest-neighbor
exchange in combination with strong Ising anisotropy of an A site ion leads to the frustrated
freezing of spins called “spin ice.” This has been realized in systems such as Dy,Ti,0;''*"'" and
Ho,Ti,07,''® "7 where spins remain disordered down to low temperatures due to geometrical
frustration similar to what is observed for the H-O bonds of common ice.'*”- ' 1+ 117

Because the 4 and B sites are on separate sublattices in materials with the pyrochlore
structure, the localized spins located at the 4 and/or B sites are expected to exhibit highly
frustrated magnetism and electrically insulating behavior. It has been theoretically proposed that
the pyrochlore oxides with antiferromagnetically-coupled Heisenberg spins may stabilize the

spin-liquid ground state.'®

In a spin liquid, spins fluctuate down to low temperatures as a result
of antiferromagnetic coupling of the magnetic ions, and magnetic ordering is suppressed.''® '’
Among a number of extensively studied systems, only a few candidates for the spin-liquid state
are known, including Tb,Ti,O7."** '*! Surprisingly, paramagnetic behavior is observed down to
0.07 K in szTi207,120'124 which is unusual since antiferromagnetic interactions normally lead to
either an ordered state or spin glass behavior.'?% '#

It is of interest to determine whether exotic spin liquid states or spin ice states appear in

other materials with different types of moment coupling mechanisms. Thus far, the studies on

the highly frustrated states have been mostly limited to the insulators, where the moments are
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predominantly coupled through short-range classical dipole-dipole interactions and

119, 125

superexchange coupling. Therefore, it is significant to examine the presence of the

itinerant carriers on the geometrical frustration of localized moments. In metallic systems,
however, itinerant carriers from the B site induce Kondo coupling with 4 site localized moments,
and long-range RKKY interactions should be induced among the localized moments.'"” '*°
Since the Kondo coupling inherently involves a spin-flipping process that enhances quantum
fluctuations, this type of “geometrically frustrated Kondo lattice” might be suitable for the search
for another spin liquid system in three-dimensions.

There have been a number of metallic systems reported among the 4,8,0; pyrochlore
oxides. When pyrochlore compounds are metallic, they exhibit a variety of electronic transport
properties. Examples include the anomalous Hall effect in Nd;Mo,07,'% giant

127-129

magnetoresistance in T, Mn,0, and superconductivity in Cd;Re,07."*° However, none of

the metallic pyrochlores are known to remain disordered at low temperatures except the newly

31

developed pyrochlore iridates.””! Yanagishima and Maeno have shown that polycrystalline

samples of R,Ir,O7 exhibit a metal-insulator transition where the metallic state was found with R

= Pr, Nd, Sm, and Eu, and a nonmetallic state was observed for those with a smaller radius."!

The substitution with a R ion of smaller ionic radius decreases the Ir-O-Ir angle and narrows the
Ir 5d band.

Nakatsuji et al. have succeeded in growing single crystals of PrIr,O; and in

5

characterizing the ground state and magnetic and electrical properties.'” Despite the well-

defined localized moments with the Curie-Weiss temperature of 20 K, Pr,Ir,O7 is found to

125

remain paramagnetic down to 0.08 K. > This combination of Kondo and spin liquid behavior is

a rare observation and places Pr,Ir,O7 as a unique material to study the spin liquid behavior in a
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geometrically frustrated Kondo lattice. In this paper, we report the crystal growth and structures
of two pyrochlore compounds, Pr,Ir,07 and EuyIrO7, at 7= 110, 115, and 298 K.
5.2. Experimental

5.2.1. Synthesis. Polycrystalline samples of Pr,Ir,O; and Eu,Ir,O; were prepared by solid state
reactions of the rare-earth oxides, Pr¢O;; or Eu,Os, with IrO,, respectively. Powders were
ground and pelletized at regular intervals and heated at 1273 K for several days. Single crystals
were prepared by combining these polycrystalline samples with KF flux in a ratio of 1:200. The
samples were heated to 1373 K and annealed for 3-5 h. The temperature was then decreased to
1123 K at a rate of 2 K /h. Figure 5.2 shows a typical black, metallic, octahedral-shaped Pr,Ir,0O
single crystal, which has been separated from the KF flux with distilled H,O as an etchant. The
crystal size ranges from 0.20 x 0.20 x 0.20 to 1.0 x 1.0 x 1.0 mm’. X-ray diffraction was used to
confirm the homogeneity of the single crystal and polycrystalline samples of PryIr,O; and
EuIr,O7. The single crystals were not sensitive to air or moisture.

5.2.2. Single Crystal X-ray Diffraction of R;Ir,O7 (R = Pr, Eu). Fragments of single crystals
of Pr;Ir,07 (0.050 x 0.050 x 0.130 mm3) and Eu,Ir,O7 (0.050
x 0.080 x 0.080 mm’) were mechanically extracted and
mounted onto a Nonius Kappa CCD diffractometer with Mo
Ky, (A = 0.71073 A) radiation. ~ Single crystal X-ray

diffraction data were collected at 110 K, 115 K, and 298 K

for both Pr;Ir,07 and EuyIr,O7. For the RIrO7 (R = Pr, Eu)

|
|
i

each data collection, while the temperature was modified. The structural models were solved

Figure 5.2. Single Crystal

compounds, the same single crystal fragment was used for PrIn07.

and refined using SHELXL97.”"' 1In the final least squares cycles, the atomic positions of the
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103

pyrochlore structure type were used for comparison. ~ The data were corrected for extinction

and the displacement parameters for the Pr, Eu, Ir, and Ol atoms were treated as anisotropic

while displacement parameters for the O2 atom were refined as isotropic due to its 43m site
symmetry. The x atomic position for O1 at the 48f Wyckoff site is the only refinable atomic
position. For the PrIr,0O; and Euylr,O; compounds, x = 0.3299(2) and x = 0.3390(3),
respectively. These values are comparable to the x atomic positions obtained from the structural

determinations of polycrystalline samples of Pr;Ir,07, 32 \where x = 0.3310(4) and Tb,Ti,0,

where x = 0.3285(1)."* Selected crystallographic parameters for PryIr,O; and Eu,Ir,O; are

provided in Table 5.1 and Table 5.2, respectively, for comparison.

Table 5.1. Crystallographic Parameters for Pr;Ir,0;at110 K, 115 K, and 298 K

Crystal Data

temperature (K) 110 115 298
formula P11 O P11 O P04
a(A) 10.4030(16) 10.400(16) 10.396(15)
V(A% 1125.8(3) 1125.0(3) 1124.0(3)
VA 8 8 8

crystal dimension (mm?®)
crystal system

0.05x0.05x0.13
Cubic

0.05x0.05x0.13
Cubic

0.05x0.05x0.13
Cubic

space group Fd3m Fd3m Fd3m

0 range (°) 5.54-29.83 5.55-29.84 3.39-29.85
p(mm™) 72.128 64.170 72.274
Data Collection

measured reflections 203 197 217
independent reflections 89 88 102
reflections with I >3c(I) 78 79 93

Rint 0.0519 0.0317 0.0667

h -14 — 14 -14 — 14 -14 — 14
k -10 — 10 -10 — 10 -10 — 10
[ -9 —> 9 -9 —> 9 -9 —> 9
Refinement

RI[F*>20(FH)]* 0.0374 0.0388 0.0404
WRA(F?)® 0.1205 0.1282 0.1507
reflections 203 197 217
parameters 11 11 11



(Table Continued)

Apmax (e A™)
extinction coefficient

1.875
2.893
0.0013(3)

2.085
-3.396
0.0025(6)

3.494
2.804
0.0026(5)

‘&= 3, |-l Vgl

PyRy = [z werd -r2)| 2w ﬂ5

Table 5.2. Crystallographic Parameters for Eu,Ir,0;at110 K, 115 K, and 298 K

Crystal Data
temperature (K)
formula

a(A)

V(A%

VA

crystal dimension (mm’)
crystal system
space group

0 range (°)
p(mm™)

Data Collection
measured reflections
independent reflections
reflections with I > 36(I)
Rint

h

k

/

Refinement
R/[F*>20(F")]*
wRH(F*)"

reflections
parameters

Apmax (€ A)

Apmin (e A-3)
extinction coefficient

110
Eu21r207
10.243(3)
1074.7(5)
8

0.05x0.08 x 0.08

Cubic
Fd3m
2.55-32.03
72.377

202

82

73

0.0813

-13 - 14
9 — 10
9 — 9

0.0523
0.1496
202

79
2.0150
-2.393
None

115
Eu21r207
10.248(3)
1076.3(5)
8

0.05x0.08 x 0.08

Cubic
Fd3m
2.55-32.03
72.271

142

68

46

0.0226
-13 — 14
-10 — 10
-8 —- 9

0.0468
0.3073
142
9
1.797
-1.801
0.05(2)

298
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5.3. Results and Discussion
5.3.1. Structure of R,Ir,07 (R = Pr, Eu). The R,Ir,O7 (R = Pr, Eu) compounds crystallize in the

cubic space group, Fd3m (No. 227,
origin choice 2), with the R (R = Pr,
Eu), Ir, Ol, and O2 atoms
occupying the 16¢, 16d, 48f, and 8b
Wyckoff symmetry sites,
respectively. The structure is
provided in Figure 6.2. At 298 K,

the PI‘QII‘207 and Eu21r207

compounds have lattice parameters  Figure 5.2. The Crystal structure of PryIr,O7 at 298 K.
The O(2)-Pry tetrahedra are shown in green; the Ir
of a=10.3937(4) A, ¥=1122.82(7)  atoms are shown with orange filled spheres; the Pr
atoms are shown with blue filled spheres; and the O(1)
A’ and a = 102743) A, ¥ = atoms are shown with green filled spheres.

1084.5(6) A’, respectively. The lattice parameters a = 10.396(15) A and a = 10.274(3) A for
single crystalline PrIr,0O; and Euylr,0;, respectively, are similar to previous structure
determinations on polycrystalline samples, where a = 10.406(2)'** and 10.4159(2) A '** for
Pr,Ir,07 and a = 10.290(1) A for Eu,Ir,05. ' 13

The crystal structure of R,Ir,O; (R = Pr, Eu), as shown in Figure 5.2, consists of two
distinct sublattices: R,O anticrystobalite networks, where the O2 atoms are connected to 4 R (R
= Pr, Eu) atoms and form O2-R4 vertex sharing tetrahedra (shown in Figure 5.3), and distorted
corner-sharing IrOg octahedra (shown in Figure 5.4). Atomic positions for Pr,Ir,O7 and Eu,Ir,0

are provided in Table 5.3.
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Single crystal X-ray diffraction
experiments were performed for
ProIr,O7 at 110, 115, and 298 K with no
significant differences observed in the
structures. Tables 5.4 lists the
interatomic distances and bond angles in
the tetrahedra for PrIr,O; at T = 110,
115, and 298 K.

For instance, the Pr-O2 inter-
atomic  distances of = 2.2523(3),
2.2520(3), and 2.2510(3) A for T = 110,
115, and 298 K, respectively, are
comparable and differ by less than 0.5
o. The Ir-Ol distances of 2.023(8),
2.017(10), and 2.013(8) A at T = 110,
115, and 298 K, respectively, are also
comparable, differing by less than lo.
Although, the O1-Ir-O1 bond angles of
83.0(7)° and 97.0(7)° at 110 K, 83.4(8)°

and 96.6(8)° at 115 K, and 83.7(7)° and

?

Figure 5.3. Corner sharing O2-Prs tetrahedra in
PryIr,07 at 298 K. The O2 polyhedra are shown in
green, and the Pr atoms are shown in blue.

Figure 5.4. The distorted IrOs octahedron of
Pr,Ir,07 at 298 K. The Ir atom is shown in orange,
and the O1 atom is shown in green.

96.3(7)° at 298 K differ from that of an ideal octahedron, these values are comparable to those

of other known pyrochlores.'”
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Table 5.3. Atomic Positions for Pr,Ir,07; and Eu,Ir,07 (298 K)

Atom Wyckoff site X y z Ueq(Az)“ or Uio(A?)’
Pr 16¢ v, v, v, 0.01075(1)°

Ir 16d 0 0 0 0.00781(1)"

o1 48f 0.3290(18) 1/8 1/8 0.014(4)°

02 8h 3/8 3/8 38 0.022(11)

Eu 16¢ Ya Ya Ya 0.02680(2)"

Ir 16d 0 0 0 0.02827(2)°

ol 48 0.339(3) 1/8 1/8  0.043(8)"

02 8h 3/8 3/8 38 0.025(11)"

“Ueq is defined as one-third of the trace of the orthogonalized U tensor.

Table 5.4. Selected Inter-atomic Distances (A) and bond angles (°) of Pr,Ir,0;

110 K 115K 298 K

Distances
Pr-02 (x4) 2.2523(3) 2.252(3) 2.251(3)
Ir-O1 (x6) 2.023(8) 2.017(10) 2.013(8)
Angles
Pr-O2-Pr (x4) 109.47(5) 109.47(3) 109.47(5)
O1-Ir-0O1 (x3) 83.0(7) 83.4(8) 83.7(7)

(x3) 97.0(7) 96.6(8) 96.3(7)
Ir-O1-Ir (x4) 130.7(10) 131.4(12) 131.8(10)

Single crystal X-ray diffraction experiments were also performed at 7 = 110, 115, and
298 K for EuyIr,O;. Table 5.5 lists the interatomic distances and bond angles in Eu,Ir,O7 at 7 =
110, 115, and 298 K. The Eu-O2 distances of 2.2177(6), 2.2187(6), and 2.2244(7) A are
observed at =110, 115, and 298 K, respectively. Notably, an unexpected difference of over 66

and 7o are observed between 7= 115 K and 298 K and 7= 110 K and 298 K, respectively.
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Table 5.5. Selected Inter-atomic Distances (A) and bond angles (°) of Eu,Ir,0-,

110K 115K 298 K

Distances
Eu-02 (x4) 2.2177(6) 2.2187(6) 2.2244(7)
Ir-O1 (x6) 2.002(12) 2.044(9) 2.033(12)
Angles
Eu-O2-Eu (x4) 109.5(5) 109.5(3) 109.5(5)
O1-Ir-0O1 (x3) 82.2(9) 79.2(6) 80.3(9)

(x3) 97.8(9) 100.8(6) 99.7(9)
Ir-O1-Ir (x4) 129.5(14) 124.8(9) 126.7(14)

In the IrO¢ octahedral sublattice of Eu,lIr,O7, the Ir-O1 interatomic distances of 2.044(9)
and 2.033(12) A at T= 115 and 298 K, respectively, only differ by less than ~ 0.7 6. However,
the Ir-Ol interatomic distance of 2.002(12) A at T = 110 K differs by 2.8 ¢ and 1.8 o, when
compared to the Ir-O1 distances at 7 = 115 K and 298 K, respectively. The O1-Ir-O1 bond
angles 0f 97.8(9)° at T=110 K, 100.8(6)° at 115 K, and 99.7(9)° at 298 K, are shown in Table 4.
These O1-Ir-O1 bond angles are more distorted than the O1-Ir-O1 bond angles observed for the
Pr analogue.

In structural investigations of the ruthenate pyrochlores (R,Ru,O7; R = La, Pr, Nd, and
Sm-Lu), it has been suggested that smaller Ru-O distances and larger Ru-O1-Ru bond angles
enhance the overlap of Ru (4d) and O1(2p) orbitals, leading to metallic behavior. Through
neutron diffraction studies, it has also been suggested that R,Ru,O; compounds, in which the
overlap of the Ru (4d) and O1 (2p) orbitals is enhanced and with Ru-O1-Ru bond angles ranging
from 135° to 140°, metallic behavior is observed.'** '* Whereas, in R,Ru,0; compounds, in
which Ru-Ol-Ru bond angles range from 129° to 134°, semiconducting behavior is exhibited. '**
135 We note that although the Ir-O1 distances and O1-Ir-O1 bond angles for the Eu,Ir,O; are not

statistically different for the data at 110 K, 115 K, and 298 K, respectively, these distances differ
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when compared to the Ir-O1 distances and O1-Ir-O1 bond angles for the PrIr,O7 at 7= 110 K,
115 K, and 298 K. It may be worthwhile to correlate the structure, measure the physical

properties, and perform neutron scattering measurements.

70



CHAPTER VI. CONCLUSIONS AND FUTURE OUTLOOK

The goal of this dissertation is to provide an explanation of complex physical behavior,
using one of nature’s most fundamental elements- structure. Although at first glance, the
concepts presented within may seem unrelated, the common tie that binds is that many of these
materials are in the vicinity of the quantum critical region of the phase diagram, where
unexplained phenomena exist. The architectures of these materials with unconventional
behavior serve as platforms to investigate or prove the existence of structure- property
relationships in advanced materials. In turn, structure-property correlations can be used to better
understand and/or predict complex phenomena in the vicinity of instability, where theoretical
models often fail. By proactively probing along this fringe of instability, it may be possible to
determine the forces that drive the quantum behavior in these materials, which may ultimately
lead to the discovery of novel materials and behavior.

As a result of carefully analyzing and comparing the crystal structures of the Ce-Pd-Ga
phases, which exhibit intriguing properties ranging from heavy fermion behavior to large
magnetoresistance, it has been determined that the study of structural aspects, such as lanthanide
environment, dimensionality, and layering effects in these materials may reveal what factors
trigger differences in their intricate physical property behavior. In addition, by substituting Ni
and Cu, which have smaller atomic radii in comparison to Pd, into the Ce,PdGa;¢ and Ce,PdGa,;
structures, it has been discovered that intra-layer interactions and hybridization effects still
dominate the physical property behavior of these materials.

Another system that allows for the study of a three-dimensional system in the vicinity of
a quantum critical point is the triangle-based structure of the geometrically frustrated R,Ir,O7 (R

= Pr, Eu) compounds. The structures of the R,Ir,O; (R = Pr, Eu) compounds consists of corner-
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sharing tetrahedral and octahedral sub-lattices, which are the most prevalent basic structural
motifs found in inorganic compounds. In these compounds, there is a direct correlation between
its structure and properties, where frustration, which occurs due to geometric constraints in the
tetrahedral sub-lattice, results in a signature deviation from linear behavior in the inverse
susceptibility data (x'). This frustration is another parameter that can be used to suppress
magnetic ordering in materials- introducing exotic phenomena, such as spin liquids, where spins
remain disordered down to low temperatures. In addition, observable structural distortions of the
interatomic distances and bond angles in the IrO¢ octahedra found in Eu,Ir,O7 at 110 K, may
suggest the enhanced super-exchange overlap of the Ir (54) and O1(2p) orbitals, which
corresponds to a metal- insulating transition at 110 K confirmed by the physical property
measurements.

In our continued interest in systems near quantum critical regions of the magnetic phase
diagram, we will fully investigate the structure- property relationships of the low dimensional
quantum S = % system, CssCu3(Mo0QOy);. S = 2 quantum spin liquid systems have attracted
recent interest because these unique systems allow for the study of the real systems, which

136

exhibit the co-existence of frustration and quantum effects.”™ It has been suggested that in S

=1/2 quantum spin liquid systems, where the spins fluctuate down to absolute zero, quantum

136

effects may dominate- resulting in new exotic behavior.”*® In particular, low dimensional Cu**

138
and

containing S = 2 quantum systems, such as Cu,Te,OsXs (X = Br, Cl)m, CaCu,0s,
Cu3(CO3),(OH),,"* offer experimental realizations of spin liquid systems with high degrees of
frustration and quantum fluctuations. We have studied the crystal structure of a new S = 1/2

140, 141

quantum spin liquid system, Cs4Cu3(Mo0Oj4)s. Preliminary single crystal data is provided in

Appendix A.
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APPENDIX A: INVESTIGATING THE STRUCTURE OF Cs4sCu(Mo00Oy)3

A.1. Overview. Single crystals of CssCu(MoQ,); samples have been synthesized using high
temperature methods. As shown in Figure A.l1.1, the crystal structure of CssCu3(MoQs);
consists of layers of disordered MoO, tetrahdra and CuOs trigonal bipyramids."” > Three
structural phase
transitions have
been observed in
this material.

However, the

h .
exagonal phase is Figure A.1. The crystal structure of Cs;Cu(M0Q,); at 298 K. The Cs

atoms are shown in pink, Cu polyhedra are shown in blue, Mo tetrahedral

reportedl stable . .
P Y are shown in gray, and O atoms are shown in green.

above 413 K (140°

C)." Previous reports suggest that the single crystals of Cs4Cu(MoOy); crystallize in a hexagonal
space group (P63/mmc) with lattice parameters a = 6.286(1) A and ¢ = 23.669(5) A.

A.2. Single crystal X-ray Diffraction. The crystallographic information obtained from single
crystal X-ray diffraction is provided in Table A.l1. Single crystal X-ray diffraction data were
measured on the same single crystal fragment at different temperatures (7 = 100, 260, 265, 270,
275, and 298 K). The Ry,cor Or “Reliability factor” obtained for each structural model at different
temperature are also provided in Table A.1. For some compounds, which I may suspect with this
system, it may be possible to refine the structural models to acceptable R-values using several
different symmetry, space groups, or crystallographic positions. Some orthorhombic systems
may appear to have hexagonal symmetry (pseudohexagonality), where a, ~ an, =\3, b, ~ ch, and

1
Co ~ Ap.
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It has also been observed that the mosaicity, which can be used to describe the crystal
quality, becomes very large (1.39) at 270 K, where we expect a phase transition to occur.
However, for these crystals, this change in mosaicity is reversible upon heating the sample from
100 K to 275 K.

Table A.1. Summary of Temperature dependent Single Crystal X-ray Diffraction Data
Collections for Cs4Cu(Mo0Qy);3

T (K) Reactor Stoichiometryb Mosaicity ~ Lattice Parameters (A)

298 2.56 Cs4Cu(M004.02)2.97 0.449 a=6.2910(2) c = 23.6940(8)
275 3.28 Cs4Cu(Mo00O4.07)3.01 0.45 a=6.2860(7) c= 23.6910(17)
270 3.66 Cs4Cu(Mo00O430)2.95 1.390 a=6.1510(11) c¢= 23.1680(4)
265 2.83 Cs4Cu(Mo00O4.04)2.96 1.034 a=06.2340(5) c= 23.6960(22)
260 2.84 Cs4Cu(M003.96)2.96 1.018 a=6.2410(5) c= 23.6290(14)
100 8.81 Cs4Cu(M00Os3.96)2.96 1.5 a=6.2010(6) c¢= 23.5210(26)

Rescior= X|IF, |=|F. [/ Z]|F|

® Stoichiometry calculated using the partial occupancies from the refined data

A.3. Structure of CssCu(MoQy);. Single crystals of CssCu(MoQ4); crystallize in a hexagonal
space group P6s/mmc (no. 194) with lattice parameters of a = 6.2910(2) and ¢ = 23.6940(8) A at
298 K. Atomic positions are provided in Table A.2 for Cs4Cu(MoO42)2.97 at 298 K. The crystal
structure of Cs4Cu(Mo0Qs); consists of layers of disordered MoOj tetrahdra and CuOs trigonal
bipyramids. In the distorted MoO#4 tetrahedra, Mo2 atoms are connected to O1 (1x) and O2 (3x)
atoms at distances of 1.739 and 1.785 A, respectively, at 298 K. These MoO4 tetrahedra are
vertex-sharing with the CuOs trigonal bipyramids, which consists of Cu atoms connected to Ol
(2x) and O4 (6x) atoms at interatomic distances of 2.104(8) and 1.887(5) A, respectively, at 298

K.
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Table A.2. Atomic Positions and Displacement Parameters of Cs;Cu(Mo0Oy4,;)297 at 298 K

Atom Wyckoff  x y z Uy ©
Position
Csl 4f 0.3333 -0.3333 0.16469(2) 0.0315(2)
Cs2 4f -0.3333 0.3333 0.031288(19) 0.02279(19)
Mol 4e 0 0 0.09507(2) 0.01706(19)
Mo2 af 0.6667 0.3333 0.23254(6) 0.0206(5)
Cul 2b 0 0 0.2500 0.0232(3)
02 12k 0.1500(3) 0.3000(7)  0.06984(14) 0.0314(9)
Ol 4e 0 0 0.1704(2) 0.048(2)
04 12/ 0.3750(15)  0.2674(15) 0.25 0.054(3)
03 4f 0.6667 0.3333 0.1599(5) 0.038(5)

“U,q s defined as one-third trace of the orthogonalized of the U tensor

The lattice parameters (a and c) are shown in Figure A.2 as a function of temperature. It
is observed that at different temperatures, there is a noticeable decrease in the lattice parameters
at 270 K, which may be indicative of a phase transition as shown in Figure A.2. However, the
structural model can still be refined using the same hexagonal symmetry and space group

(P63mmc).

6.45 T

6.4 23.6

Lattice Parameter

by
T

: b35 Lattice Parameter

a(A) N
A _ 1 234
6.25 [ 7 i
. - ] 23.2
: 4 231
100 141 182 223 = ]

Temperature (K)

Figure A.2. Lattice parameters vs. Temperature for the Cs4Cu(MoQO4); Compounds.
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APPENDIX B: SYNTHESIS, STRUCTURE AND CHARACTERIZATION OF PrNi,Ga,

B.1. Introduction. Pr-based compounds are of recent fascination due to their mixed valence
behavior. These compounds can occur as Pr’* or Pr**, which can lead to valence fluctuations in
these compounds.! Recently, PrOs,Sb;, has been found to exhibit heavy fermion behavior and
superconductivity.” The heavy fermion behavior in these compounds can be attributed to the
interaction of the moments of the Pr’* ground state with the conduction electrons.’

In our exploration of ternary Pr-based heavy fermion compounds, a new ternary

compound, PrNi,Ga; has been synthesized using excess Ga and characterized by single-crystal
X-ray diffraction. PrNi,Ga, adopts a tetragonal structure in the /4/mmm space group and is
related to the ThCr,Si, structure ‘[ype.3 PrNi,Ga, crystallizes in a tetragonal, space group
14/mmm, Z = 2, with the lattice parameters: a = 4.2600(4) A and ¢ = 10.2830(14) A. The
compound is metallic (dp/dT > 0), with the resistance decreasing roughly linearly with
temperature from 300 K down to 100 K.
B.2. Synthesis. The starting materials, Pr ingot (Alfa Aesar Laboratory), Ni powder (5N, Alfa
Aesar), and Ga shot (5N, Alfa Aesar) were placed in a 2-mL alumina crucible in a 1:1:20
stoichiometric ratio. The constituents were heated to a temperature of 1423 K for 48 hours and
slowly cooled to 993 K, at a rate of 278 K/ hr, at which point the hot flux was removed by
centrifugation. Metallic single crystals on the order of 1 mm were obtained. X-ray powder
diffraction was performed to determine the structure of these samples.

Several modified temperature profiles were used in the attempt to make larger single
crystals of PrNi,Ga, for neutron diffraction experiments. However, two new phases, Pr,NiGaj

and Pr,NiGa,,, which have been discussed in detail (Chapter 3) were synthesized.

85



B.3. Single Crystal X-ray Diffraction. A fragment of a single crystal of PrNi»Ga, (0.025 x 0.04
x 0.05 mm) was mechanically extracted and mounted on a Nonius KappaCCD diffractometer
with Mo Ka., (A = 0.71073 A) radiation. Data were collected at 298 K. The atomic positions
from the ThCr,Si, structure type’ were used as an initial structural model in determining the
atomic positions of PrNi;Ga,. Corrections were made for extinction, and the data were refined
with anisotropic displacement parameters. The structural model was refined using SHELXL.97
to a final Reyeor 0f 4.89%. The highest peak difference and deepest hole values were 6.275 and -
1.700 e/A°, respectively. Atomic positions and related structural information are provided in
Table B.1. Selected crystallographic information is presented in Table B.2. Selected interatomic
distances are provided in Table B.3.

Table B.1. Atomic Positions and Displacement Parameters of PrNi,Ga,

Atom Wyckoff Position  x y z Uy ®

Pr 2a 0 0 0 0.01707(11)
Ni  de 12 12 0.1171(5) 0.0262(13)
Ga 4d 0 1/2 1/4 0.0248(12)

“U,q1s defined as one-third trace of the orthogonalized of the U tensor

B.4. Structure of PrNi,Ga,. PrNi,Ga, crystallizes in a tetragonal space group, 14/mmm (no.
139), with the Pr, Ni, and Ga atoms occupying the 2a, 4e, and 4d Wyckoff symmetry sites,
respectively. The compound has lattice parameters of a = 4.2600(4) A and ¢ = 10.2830(14) A, Z

=2and V= 186.61(4) A°.
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Table B.2. Selected Crystallographic Parameters for PrNi,Ga,

Crystal Data
Formula

a(A)

c(A)

V(A%

Z

Crystal Dimension (mm®)
Crystal System
Space Group

0 range (°)
p(mm™)

Data Collection
Measured Reflections
Independent Reflections
Reflections with I > 36(I)
Rint

h

k

[

Refinement
"R[F*>20(F%)]
"wR(F?)

Reflections
Parameters

Aprmax (€ A)

Apmin (C A_3)
Extinction coefficient

PI’NizGaz
4.2600(4)
10.2830(14)
186.61(4)

2

0.025 x 0.04 x 0.05
Tetragonal
14/mmm
2.55-32.03

37.329

843

117

82

0.041

S5 —> 5
3> 3
-13 —» 9

0.0489
0.1556

82

19

6.275
~1.700
0.001492(5)

‘Ri=3|F, [-|F. |/XIF,|

"WR, = [Z [W(F02 ~F; )]/Z[W(FOZ)ZIE

Table B.3. Selected Interatomic Distances (A) and Bond Angles (°) of PrNi,Ga,

NiGay tetrahedra (A)

Ni — Gal (x4) 2.531 (3)
Ni— Ni (x2) 2.408 (3)
Angle ®
Gal —Ni— Gal 114.62 (18)
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The crystal structure of PrNi,Ga;
consists of layers of edge sharing
NiGay tetrahedra, forming a cage-like
linkage, which encapsulates isolated
Pr atoms along the c-axis as shown in
Figure B.1. Each Ni atom in these
NiGay tetrahedra is coordinate to 4
Ga atoms by an interatomic distance
of 2.531(3) A, which is consistent
with the summation of the covalent
radii of Ni (1.15A) and Ga (1.35

A)."*? Each layer of NiGay tetrahedra

Figure B.1. The crystal structure of PrNi,Ga, is
shown along the c-axis. Pr atoms are shown in blue,
the Ni atoms are represented in purple, and the Ga
atoms are shown as green circles.

are linked to the next layer of NiGa, tetrahedra by a Ni-Ni interatomic distance of 2.408(3) A.

This is consistent with the sum of the covalent radii of Ni (1.15 A).* The Ga-Ni-Ga bond angles

in these NiGay tetrahedra are 114.62(18)°, which is slightly distorted. In the Pr layer, the Pr-Pr

interatomic distance of 4.260 (3) A is too long to be considered bonding.
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APPENDIX C: ADDITIONAL DATA ANALYSIS FOR NEUTRON
DIFFRACTION EXPERIMENTS OF CePdGag

Powder neutron diffraction experiments were conducted for CePdGas on B-T1
and B-T9 at NCNR at the National Institute of Standards and Technology (NIST). The
magnetic peak at 33.15°, which is observed in the neutron powder diffraction pattern for
CePdGag, may be attributed to either CePdGag (7Tn= 5.5 K) or a Ce,PdGa;, (Tn = 10.5 K)
impurity. Although there are no general conditions for CePdGag’s space group, P4/mmm,
there are 3 General conditions for Ce,PdGa;,’s spacegroup, P4/ nbm :

hkO:h+k=2n
0kl k=2n
h00:h=2n

The spin propagation wave vector (q) was calculated using Formula C.1. Then
peaks for CePdGag and Ce,PdGa;, were generated using Formula C.2. Tables C.1. and
C.2 display the spin propagation wave vector worksheet, where q is calculated using

different combinations of miller indices to determine which phase is responsible for the

magnetic peak at 33.15°.

_4zsin@ , 0=16.575°,1=2.3590 A

(C.1)

q_ZﬂW/ﬁ+ﬁ+ﬁ (C.2)
a® b o
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Table C.1. Spin propagation worksheet for CePdGas

h2
q= 27r1f—
aZ

o O

0
()

W D

=~
N

k2
+b—2+

0.25
2.25

6.25

,_‘oo,_‘,_‘_p._‘i\)\o.p»—\o-h»—‘ooooo
W

12

T ey =1.519631612

Qcalc
(CePdGag)

0.561476744
0.794048026
0.972506248
1.122953488
1.255500167
1.448633098
1.774205957
2.048676574
2.509106127
2.897266195
1.651983692
1.832910906
1.997517123
2.197177274
2.336257743
2.4675114
1.55363895
3.0041078
1.832910906
1.651983692
1.074777526
1.61962104
1.448633098
1.651983692

a
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732

b
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732
4.33732

C
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853
7.912853

* Possible h k 1 combinations, where g,ic 1S similar to gy,
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Table C.2. Spin propagation worksheet for Ce,PdGa;,

nook: 2
q=27z,/—+—+—, Gox, =1.519631612
a2 b2 62 28Y

qcalc

I>  (Ce,PdGayy) a b c
025  0.286498297 6.084353 6.084353 15.507537
1 0.405169777 6.084353 6.084353 15.507537
225  0.496229606 6.084353 6.084353 15.507537
4 0.572996594 6.084353 6.084353 15.507537
6.25  0.640629667 6.084353 6.084353 15.507537
1.032679285 6.084353 6.084353 15.507537
1.264768658 6.084353 6.084353 15.507537
1.460429051 6.084353 6.084353 15.507537
1.78865299 6.084353 6.084353 15.507537
2.06535857 6.084353 6.084353 15.507537
1.109319185 6.084353 6.084353 15.507537
1.180996021 6.084353 6.084353 15.507537
1.248564836 6.084353 6.084353 15.507537
1.515590829 6.084353 6.084353 15.507537
1.568814236 6.084353 6.084353 15.507537
1.6202903 6.084353 6.084353 15.507537
5  1.071684553 6.084353 6.084353 15.507537
2.104725296 6.084353 6.084353 15.507537
1.180996021 6.084353 6.084353 15.507537
1.109319185 6.084353 6.084353 15.507537
0.656330081 6.084353 6.084353 15.507537 0.5
1.15457054 6.084353 6.084353 15.507537 0.5
1.032679285 6.084353 6.084353 15.507537
1.460429051 6.084353 6.084353 15.507537
1.109319185 6.084353 6.084353 15.507537
1.109319185 6.084353 6.084353 15.507537

0
()

0.5

1.5

2.5

SO OO OO X

=
()]
o

0*

W= oo

1*
2*

0.5

et et DN e b e e el e e e e e e e O O O O O O

W D

o O
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* Possible h k 1 combinations, where g,c 1S similar to gy,

The (1 0 %2) and (1 1 1) peaks for CePdGas and Ce,PdGa,,, respectively, are both similar
to gcale. However the (111) peak for Ce,PdGa;, is much more accurate than the (1 0 '2) peak of
CePdGas Both peaks have been used to determine the structure factor (Fi®) assuming each
model is correct. The calculated structure factor squared (F ;; 7 ) =16 fc. or 216, where fc. =

13.5, should be proportional to intensity for Ce,PdGa,s.
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APPENDIX D: SUPPLEMENTAL INFORMATION: CRYSTALLOGRAPHIC
INFORMATION FILES (CIF) FOR UNPUBLISHED WORK

D.1. CezNiGam

X-ray Filename: Jasmine27
data_CezNiGal 0

_audit_creation_method SHELXL-97
_chemical name_systematic

’?

_chemical name common ?
_chemical melting_point ?

_chemical formula moiety ?
_chemical formula sum

'Ce Ga20 N{'

_chemical formula weight 1593.23

loop

_atom_type symbol

_atom_type_description
_atom_type scat dispersion_real

_atom_type scat_dispersion_imag
_atom_type_scat_source

'Ce' 'Ce' -0.2486 2.6331

'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'Ni' 'Ni' 0.3393 1.1124

'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'Ga' 'Ga' 0.2307 1.6083

'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'

_symmetry_cell_setting tetragonal
_symmetry_space group name H-M [4/mmm

loop
_symmetry_equiv_pos_as_Xyz

l_y, X, ZI

'x+1/2, y+1/2, z+1/2'
-x+1/2, -y+1/2, z+1/2'
'x+1/2, -y+1/2, -z+1/2'
-x+1/2, y+1/2, -z+1/2'
-y +1/2, -x+1/2, -z+1/2'
'y+1/2, x+1/2, -z+1/2'
'y+1/2, -x+1/2, z+1/2'
-y +1/2, x+1/2, z+1/2'
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'-X, -y, -7
'X, Y, _7'

'—X’ y’ Zl

IX’ _y’ Zl

ly’ X’ Zl

l_y, —X’ Z’

l_y, X, _Z’

ly, —X’ _Z’

-x+1/2, -y+1/2, -z+1/2'
'x+1/2, y+1/2, -z+1/2'
-x+1/2, y+1/2, z+1/2'
'x+1/2, -y+1/2, z+1/2'
'y+1/2, x+1/2, z+1/2'
y+1/2, -x+1/2, z+1/2'
-y+1/2, x+1/2, -z+1/2'
'y+1/2, -x+1/2, -z+1/2'

_cell length a

_cell length b
_cell_length ¢
_cell_angle alpha
_cell_angle beta
_cell_angle gamma
_cell_volume

_cell formula_units Z

_cell_measurement temperature

4.2390(5)
4.2390(5)
26.386(4)
90.00
90.00
90.00
474.13(10)
2
293(2)

_cell_measurement reflns used ?
_cell measurement theta min ~ ?
_cell measurement theta max  ?

_exptl_crystal description

_exptl_crystal colour

_exptl _crystal size max
_exptl_crystal size mid
_exptl_crystal size min

?
?
?
?
?

_exptl_crystal density meas ?

_exptl _crystal density_diffrn
_exptl _crystal density method

_exptl_crystal F 000

_exptl_absorpt_coefficient mu

11.160

'not measured'
1412
62.291

_exptl_absorpt_correction_type ?
_exptl_absorpt_correction T min ?
_exptl absorpt correction T max ?
_exptl_absorpt process details ?

_exptl_special_details

>

?

>

_diffrn_ambient temperature
_diffrn_radiation_wavelength

_di ffmﬁradiation:type

_diffrn_radiation_source

293(2)
0.71073
MoK\a
'fine-focus sealed tube'

_diffrn_radiation monochromator graphite
_diffrn_measurement device type ?
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_diffrn_measurement method ?
_diffrn_detector_area_resol mean ?
_diffrn_standards number ?
_diffrn_standards_interval count ?
_diffrn_standards_interval time ?
_diffrn_standards_decay % ?
_diffrn_reflns_number 472
_diffrn_reflns_av_R equivalents 0.0445
_diffrn_reflns_av_sigmal/netl  0.0551

_diffrn_reflns_limit h_min -5
_diffrn_reflns_limit h_max 5
_diffrn_reflns_limit k min -4
_diffrn_reflns_limit k max 4
_diffrn_reflns_limit 1 min -24
_diffrn_reflns_limit 1 max 35

_diffrn_reflns_theta min 3.09
_diffrn_reflns theta max 29.70
_reflns number total 239

_reflns number gt 225
_reflns_threshold expression  >2sigma(I)

_computing_data_collection ?
_computing_cell_refinement ?
_computing_data_reduction ?

_computing_structure_solution 'SHELXS-97 (Sheldrick, 1990)'
_computing_structure _refinement 'SHELXL-97 (Sheldrick, 1997)'
_computing_molecular graphics ?
_computing_publication_material ?

_refine_special_details

Refinement of F/2” against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F*2*, conventional R-factors R are based

on F, with F set to zero for negative F*2*. The threshold expression of

F72~ > 2sigma(F/2") is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based

on F/2” are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

>

_refine Is structure factor coef Fsqd

_refine s matrix_type full

_refine Is weighting scheme  calc

_refine s weighting details

'calc w=1/[\s"2"(Fo"2")+(0.0390P)"2"+24.4399P] where P=(Fo"2"+2Fc"2")/3'
_atom_sites_solution_primary  direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine Is hydrogen treatment mixed
_refine ls_extinction method  SHELXL
_refine ls_extinction coef 0.0076(10)
_refine_Is_extinction expression
'FeM*A=kFc[1+0.001xFc "2MIN37/sin(2\q) |*-1/4
_refine Is number reflns 239
_refine Is number parameters 19

_refine Is number restraints 0
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_refine Is R factor all 0.0440

_refine Is R factor gt 0.0409
_refine Is wR factor ref 0.1086
_refine Is wR factor gt 0.1057

_refine Is goodness of fit ref 1.132

_refine Is restrained S all 1.132

_refine Is_shift/su_max 0.000
_refine_Is_shift/su_mean 0.000
loop

_atom_site_label

_atom_site_type symbol

_atom_site fract x

_atom_site fract y

_atom_site fract z

_atom_site_U iso_or_equiv

_atom_site_adp_type

_atom_site_occupancy

_atom_site_symmetry multiplicity

_atom_site_calc_flag

_atom_site_refinement flags
_atom_site_disorder_assembly

_atom_site_disorder_group

Cel Ce 0.0000 0.0000 0.35391(4) 0.0067(5) Uani 1 8d S ..
Ni2 Ni 0.0000 0.0000 0.5000 0.0064(8) Uani 1 16d S ..
Ga3 Ga 0.0000 0.0000 0.10613(9) 0.0118(6) Uani 1 8d S ..
Gal Ga 0.0000 0.5000 0.2500 0.0205(7) Uani 1 8d S ..
Ga4 Ga 0.0000 0.0000 0.19760(9) 0.0186(7) Uani 1 8d S ..
Ga2 Ga 0.5000 0.0000 0.45078(5) 0.0083(5) Uani 14d S ..

loop

_atom_site aniso_label

_atom_site_aniso U 11

_atom_site_aniso U 22

_atom_site_aniso U 33

_atom_site_aniso U 23

_atom_site_aniso U 13

_atom_site_aniso U 12

Cel 0.0047(5) 0.0047(5) 0.0107(6) 0.000 0.000 0.000
Ni2 0.0051(10) 0.0051(10) 0.0091(15) 0.000 0.000 0.000
Ga3 0.0083(8) 0.0083(8) 0.0188(12) 0.000 0.000 0.000
Gal 0.0192(9) 0.0192(9) 0.0233(13) 0.000 0.000 0.000
Ga4 0.0197(9) 0.0197(9) 0.0163(12) 0.000 0.000 0.000
Ga2 0.0066(8) 0.0107(9) 0.0076(7) 0.000 0.000 0.000

_geom_special details

All esds (except the esd in the dihedral angle between two l.s. planes)

are estimated using the full covariance matrix. The cell esds are taken

into account individually in the estimation of esds in distances, angles

and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.

>

loop

95



_geom_bond_atom_site label 1
_geom_bond_atom_site label 2
_geom_bond_distance

_geom bond site symmetry 2
_geom _bond publ flag

Cel Ga3 3.1775(9) 25 ?

Cel Ga3 3.1775(9) 25 4457
Cel Ga3 3.1775(9) 25 4557
Cel Ga3 3.1775(9) 25 _545?
Cel Gad 3.2913(11) 25 _445?
Cel Gad 3.2913(11) 25 ?

Cel Gad 3.2913(11) 25 455?
Cel Gad 3.2913(11) 25 545?
Cel Ga2 3.3203(13) . ?

Cel Ga2 3.3204(13) 21 ?

Cel Ga2 3.3204(13) 21_545?
Cel Ga2 3.3204(13) 1 _4557?
Ni2 Ga2 2.4858(7) 5566 ?
Ni2 Ga2 2.4858(7) 17_656 ?
Ni2 Ga2 2.4858(7) 5 556 ?
Ni2 Ga2 2.4858(7) 17_556?
Ni2 Ga2 2.4858(7) 21 _545?
Ni2 Ga2 2.4858(7) 1_455?
Ni2 Ga2 2.4858(7) 21 ?

Ni2 Ga2 2.4858(7) . ?

Ga3 Ga4 2.414(4) . ?

Ga3 Ga2 2.5975(15) 13_455?
Ga3 Ga2 2.5975(15) 25 545?
Ga3 Ga2 2.5975(15) 13 ?

Ga3 Ga2 2.5975(15) 25 ?

Ga3 Cel 3.1775(9) 25 ?

Ga3 Cel 3.1775(9) 25 4457
Ga3 Cel 3.1775(9) 25 _455?
Ga3 Cel 3.1775(9) 25 _545?
Gal Ga4 2.5305(14) 25 ?

Gal Ga4 2.5305(14) 25 455°?
Gal Ga4 2.5305(14) 1 _565?
Gal Ga4 2.5306(14) . ?

Gal Gal 2.9974(4) 25 565 ?
Gal Gal 2.9974(4) 25 4557
Gal Gal 2.9974(4) 25 465 ?
Gal Gal 2.9974(4) 25 ?

Gal Cel 3.4655(9) 25 455?
Gal Cel 3.4655(9) 25?

Gal Cel 3.4656(9) 1 565°?
Ga4 Gal 2.5306(14) 25 ?

Gad Gal 2.5306(14) 25 4557
Gad Gal 2.5306(14) 1 _5457?
Ga4 Cel 3.2912(11) 25 445 ?
Ga4 Cel 3.2912(11) 25 ?

Ga4 Cel 3.2912(11) 25 455 ?
Ga4 Cel 3.2912(11) 25 545 ?
Ga2 Ni2 2.4858(7) 1_655?
Ga2 Ga3 2.5975(15) 25 545°?
Ga2 Ga3 2.5975(15) 25 ?

Ga2 Ga2 2.598(3) 17_656 ?



Ga2 Ga2 2.9974(4) 21 6552
Ga2 Ga2 2.9974(4) 21_545 9
Ga2 Ga2 2.9974(4) 21 ?

Ga2 Ga2 2.9974(4) 21 645 ?
Ga2 Cel 3.3203(13) 1_655?

loop

_geom_angle atom_site label 1
_geom_angle atom_site label 2
_geom_angle atom_site label 3
_geom_angle
_geom_angle site symmetry 1
_geom_angle site symmetry 3
_geom_angle publ flag

Ga3 Cel Ga3 141.24(9) 25 25 4457
Ga3 Cel Ga3 83.68(3) 2525 4557

Ga3 Cel Ga3 83.68(3) 25 44525 4557
Ga3 Cel Ga3 83.68(3) 2525 5457?

Ga3 Cel Ga3 83.68(3) 25 44525 5457
Ga3 Cel Ga3 141.24(9) 25 45525 5457
Ga3 Cel Ga4 174.98(6) 2525 445?
Ga3 Cel Ga4 43.77(6) 25 44525 4457
Ga3 Cel Ga4 97.88(2) 25 45525 4457
Ga3 Cel Ga4 97.88(2) 25 54525 4457
Ga3 Cel Ga4 43.77(6) 2525 ?

Ga3 Cel Ga4 174.98(6) 25 445257?
Ga3 Cel Ga4 97.88(2) 25 455257

Ga3 Cel Ga4 97.88(2) 25 545257

Ga4 Cel Gad 131.21(8) 25 445257?
Ga3 Cel Gad 97.88(2) 2525 4557?

Ga3 Cel Ga4 97.88(2) 25 44525 4557
Ga3 Cel Ga4 43.77(6) 25 45525 4557
Ga3 Cel Ga4 174.98(6) 25 54525 455°?
Ga4 Cel Ga4 80.18(3) 25 44525 4557
Ga4 Cel Ga4 80.18(3) 2525 4557?

Ga3 Cel Ga4 97.88(2) 2525 5457?

Ga3 Cel Ga4 97.88(2) 25 44525 5457
Ga3 Cel Ga4 174.98(6) 25 45525 5457
Ga3 Cel Ga4 43.77(6) 25 54525 5457
Ga4 Cel Ga4 80.18(3) 25 44525 5457
Ga4 Cel Ga4 80.18(3) 2525 5457?

Ga4 Cel Gad 131.21(8) 25 45525 5457
Ga3 Cel Ga2 47.06(3) 25 .7

Ga3 Cel Ga2 99.81(5) 25 445 .?

Ga3 Cel Ga2 99.81(5) 25 455 .7?

Ga3 Cel Ga2 47.06(3) 25 545 .7

Ga4 Cel Ga2 136.80(3) 25 445 .7?

Ga4 Cel Ga2 84.65(4) 25 .7

Ga4 Cel Ga2 136.80(3) 25 455.7?

Ga4 Cel Ga2 84.65(4) 25 545 .7

Ga3 Cel Ga2 47.06(3) 2521 ?

Ga3 Cel Ga2 99.81(5)25 445217

Ga3 Cel Ga2 47.06(3) 25 455217

Ga3 Cel Ga2 99.81(5) 25 545217

Ga4 Cel Ga2 136.80(3) 25 445217
Ga4 Cel Ga2 84.66(4) 2521 ?
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Ga4 Cel Ga2 84.66(4) 25 45521 ?
Ga4 Cel Ga2 136.80(3) 25 545212
Ga2 Cel Ga2 53.66(2) . 212

Ga3 Cel Ga2 99.81(5) 2521 545 ?

Ga3 Cel Ga2 47.06(3) 25 44521 5457
Ga3 Cel Ga2 99.81(5) 25 45521 5459
Ga3 Cel Ga2 47.06(3) 25 54521 5457
Ga4 Cel Ga2 84.66(4) 25 44521 5457
Ga4 Cel Ga2 136.80(3) 25 21 545 ?
Ga4 Cel Ga2 136.80(3) 25 45521 5457
Ga4 Cel Ga2 84.66(4) 25 54521 5459
Ga2 Cel Ga2 53.66(2) . 21 54572

Ga2 Cel Ga2 79.33(4) 21 21 545 ?

Ga3 Cel Ga2 99.81(5) 25 1 4552

Ga3 Cel Ga2 47.06(3) 25 4451 4552
Ga3 Cel Ga2 47.06(3) 25_455 1 _455?
Ga3 Cel Ga2 99.81(5) 25 5451 4557
Gad Cel Ga2 84.66(4) 25 4451 4557
Ga4 Cel Ga2 136.80(3) 25 1_455?

Ga4 Cel Ga2 84.66(4) 25 4551 4552
Ga4 Cel Ga2 136.80(3) 25 545 1 4557
Ga2 Cel Ga2 79.34(4) . 1 4557

Ga2 Cel Ga2 53.66(2) 211 4552

Ga2 Cel Ga2 53.66(2) 21 5451 4559
Ga2 Ni2 Ga2 74.16(2) 5 566 17 6567
Ga2 Ni2 Ga2 117.00(5) 5_566 5 556 ?
Ga2 Ni2 Ga2 74.16(2) 17_656 5_556 2
Ga2 Ni2 Ga2 74.16(2) 5_566 17 5567
Ga2 Ni2 Ga2 117.00(5) 17_656 17_556 2
Ga2 Ni2 Ga2 74.16(2) 5_556 17 5562
Ga2 Ni2 Ga2 180.0 5 56621 545 ?
Ga2 Ni2 Ga2 105.84(2) 17 656 21 5459
Ga2 Ni2 Ga2 63.00(5) 5 556 21 5457
Ga2 Ni2 Ga2 105.84(2) 17 556 21 5459
Ga2 Ni2 Ga2 105.84(2) 5 566 1 4552
Ga2 Ni2 Ga2 180.0 17 656 1 455 ?
Ga2 Ni2 Ga2 105.84(2) 5 556 1 4557
Ga2 Ni2 Ga2 63.00(5) 17 556 1_455°?
Ga2 Ni2 Ga2 74.16(2) 21_545 1 4557
Ga2 Ni2 Ga2 63.00(5) 5_566 21 ?

Ga2 Ni2 Ga2 105.84(2) 17_656 21 ?
Ga2 Ni2 Ga2 180.0 5 556 21 ?

Ga2 Ni2 Ga2 105.84(2) 17_556 21 ?
Ga2 Ni2 Ga2 117.00(5) 21_545 21 ?
Ga2 Ni2 Ga2 74.16(2) 1 455212

Ga2 Ni2 Ga2 105.84(2) 5566 .7

Ga2 Ni2 Ga2 63.00(5) 17_656 .2

Ga2 Ni2 Ga2 105.84(2) 5_556 .7

Ga2 Ni2 Ga2 180.0 17_556. ?

Ga2 Ni2 Ga2 74.16(2) 21 545 .7

Ga2 Ni2 Ga2 117.00(5) 1_455 .2

Ga2 Ni2 Ga2 74.16(2) 21 . ?

Ga4 Ga3 Ga2 125.32(5) . 13 4557

Ga4 Ga3 Ga2 125.32(5) . 25_545?

Ga2 Ga3 Ga2 70.48(5) 13_45525 5452
Ga4 Ga3 Ga2 125.32(5). 13 ?
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Ga2 Ga3 Ga2 109.37(10) 13_45513 2
Ga2 Ga3 Ga2 70.48(5) 25_545 13

Ga4 Ga3 Ga2 125.32(5). 25 ?

Ga2 Ga3 Ga2 70.48(5) 13_455 252

Ga2 Ga3 Ga2 109.37(10) 25_545 252
Ga2 Ga3 Ga2 70.48(5) 13 25 ?

Gad Ga3 Cel 70.62(5) . 25 ?

Ga2 Ga3 Cel 137.40(3) 13 455252
Ga2 Ga3 Cel 137.40(3) 25 545252
Ga2 Ga3 Cel 69.36(2) 1325 ?

Ga2 Ga3 Cel 69.36(2) 2525 ?

Ga4 Ga3 Cel 70.62(5) .25 4452

Ga2 Ga3 Cel 69.36(2) 13 45525 4459
Ga2 Ga3 Cel 69.36(2) 25 545 25 4459
Ga2 Ga3 Cel 137.40(3) 13 25 445 ?
Ga2 Ga3 Cel 137.40(3) 25 25 445 ?
Cel Ga3 Cel 141.24(9) 25 25 4459
Gad Ga3 Cel 70.62(5) . 25 4557

Ga2 Ga3 Cel 69.36(2) 13_455 25 4557
Ga2 Ga3 Cel 137.40(3) 25 54525 4557
Ga2 Ga3 Cel 137.40(3) 13 25 455 ?
Ga2 Ga3 Cel 69.36(2) 25 25 455 ?

Cel Ga3 Cel 83.68(3) 25 25 4557

Cel Ga3 Cel 83.68(3) 25 44525 4557
Ga4 Ga3 Cel 70.62(5) .25 5457

Ga2 Ga3 Cel 137.40(3) 13_455 25 5459
Ga2 Ga3 Cel 69.36(2) 25 54525 5459
Ga2 Ga3 Cel 69.36(2) 1325 545 ?

Ga2 Ga3 Cel 137.40(3) 2525 545 ?
Cel Ga3 Cel 83.68(3) 25 25 5457

Cel Ga3 Cel 83.68(3) 25_44525 5457
Cel Ga3 Cel 141.24(9) 25 45525 5452
Gad Gal Gad 113.77(9) 25 25 455 ?
Ga4 Gal Ga4 107.37(5) 25 1 5652

Ga4 Gal Ga4 107.37(5) 25 455 1 5657
Ga4 Gal Ga4 107.37(5) 25 . ?

Ga4 Gal Ga4 107.37(5) 25_455 .7

Ga4 Gal Ga4 113.77(9) 1 _565.?

Ga4 Gal Gal 53.68(2) 25 25_565 2

Ga4 Gal Gal 126.32(2) 25 45525 565 ?
Ga4 Gal Gal 53.68(2) 1_56525 565 ?
Ga4 Gal Gal 126.32(2) . 25_565?

Ga4 Gal Gal 126.32(2) 25 25_455?
Ga4 Gal Gal 53.68(2) 25_45525 4552
Ga4 Gal Gal 126.32(2) 1_56525 4552
Ga4 Gal Gal 53.68(2) .25 4557

Gal Gal Gal 180.0 25 56525 4557
Gad Gal Gal 126.32(2) 25 25 465 ?
Ga4 Gal Gal 53.68(2) 25 45525 465 ?
Ga4 Gal Gal 53.68(2) 1 56525 46572
Ga4 Gal Gal 126.32(2) . 25 4657

Gal Gal Gal 90.0 25 56525 465 ?
Gal Gal Gal 90.0 25 45525 465 ?
Ga4 Gal Gal 53.68(2) 25 25 ?

Ga4 Gal Gal 126.32(2) 25_45525?
Ga4 Gal Gal 126.32(2) 1 565252
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Ga4 Gal Gal 53.68(2).25?

Gal Gal Gal 90.0 25_565 25 ?

Gal Gal Gal 90.0 25_455 257

Gal Gal Gal 180.0 25 465 25 ?

Ga4 Gal Cel 160.82(5) 2525 455?
Ga4 Gal Cel 85.41(5) 25 45525 4557
Ga4 Gal Cel 64.39(4) 1 56525 4559
Ga4 Gal Cel 64.39(4) .25 4557

Gal Gal Cel 115.626(7) 25 56525 455?
Gal Gal Cel 64.377(7) 25 45525 4557
Gal Gal Cel 64.377(7) 25 465 25 4557
Gal Gal Cel 115.626(7) 25 25 4552
Ga4 Gal Cel 85.41(5)2525?

Ga4 Gal Cel 160.82(5) 25 455252
Ga4 Gal Cel 64.39(4) 1 565257

Ga4 Gal Cel 64.39(4).25?

Gal Gal Cel 64.377(7) 25 56525 ?

Gal Gal Cel 115.626(7) 25 45525 ?
Gal Gal Cel 115.626(7) 25_465 25 ?
Gal Gal Cel 64.377(7) 2525 ?

Cel Gal Cel 75.41(2) 25 455257

Ga4 Gal Cel 64.39(4) 25 . ?

Ga4 Gal Cel 64.39(4) 25 455 .7

Ga4 Gal Cel 160.82(5) 1 565 .7

Ga4 Gal Cel 85.41(5). .7

Gal Gal Cel 115.622(7) 25 565 .7

Gal Gal Cel 64.375(7) 25 455.?

Gal Gal Cel 115.622(7) 25 465 .7

Gal Gal Cel 64.375(7)25 .2

Cel Gal Cel 128.752(14) 25 455 .2
Cel Gal Cel 128.752(14) 25 . ?

Gad Gal Cel 64.39(4)25 1 5652

Gad Gal Cel 64.39(4) 25 4551 5657
Ga4 Gal Cel 85.41(5) 1 5651 565?
Ga4 Gal Cel 160.82(5). 1 565 ?

Gal Gal Cel 64.375(7) 25 565 1 5652
Gal Gal Cel 115.622(7) 25 4551 565 ?
Gal Gal Cel 64.375(7) 25 465 1 5657
Gal Gal Cel 115.622(7) 25 1 565 ?

Cel Gal Cel 128.752(14) 25 4551 565 ?
Cel Gal Cel 128.752(14) 25 1_565 ?
Cel Gal Cel 75.41(2) .1 565 ?

Ga3 Ga4 Gal 123.12(5) .. ?

Ga3 Ga4 Gal 123.12(5).25?

Gal Ga4 Gal 72.63(4).25?

Ga3 Ga4 Gal 123.12(5) . 25 4557

Gal Ga4 Gal 72.63(5) . 25 4557

Gal Ga4 Gal 113.76(9) 25 25_455?
Ga3 Ga4 Gal 123.12(5). 1 5459

Gal Ga4 Gal 113.77(9) . 1_545?

Gal Ga4 Gal 72.63(5) 25 1_545?

Gal Ga4 Gal 72.63(5) 25 455 1 5457
Ga3 Gad Cel 65.61(4).25 4457

Gal Ga4 Cel 139.908(17) . 25 445 ?
Gal Ga4 Cel 139.908(17) 25 25_445 ?
Gal Gad Cel 71.716(15) 25 455 25 4457
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Gal Gad Cel 71.716(15) 1_545 25 4457
Ga3 Ga4 Cel 65.61(4) .25 ?

Gal Ga4 Cel 71.714(15) . 25 ?

Gal Ga4 Cel 71.716(15) 25 25 ?

Gal Ga4 Cel 139.908(17) 25_455 25 ?
Gal Ga4 Cel 139.908(17) 1_54525?

Cel Gad Cel 131.22(8) 25 445257

Ga3 Gad Cel 65.61(4) . 25 4557

Gal Ga4 Cel 71.714(15) . 25 455

Gal Ga4 Cel 139.908(17) 25 25_455 2
Gal Gad Cel 71.716(15) 25 45525 4557
Gal Ga4 Cel 139.908(17) 1_545 25 4559
Cel Gad Cel 80.18(3) 25 44525 4557
Cel Gad Cel 80.18(3) 25 25 4552

Ga3 Gad Cel 65.61(4) .25 5457

Gal Ga4 Cel 139.908(17) . 25_545?

Gal Gad Cel 71.716(15) 25 25 545 ?

Gal Ga4 Cel 139.908(17) 25_455 25 545 ?

Gal Gad Cel 71.716(15) 1_54525 5457
Cel Gad Cel 80.18(3) 25 44525 5457
Cel Gad Cel 80.18(3) 25 25 5452

Cel Gad Cel 131.22(8) 25 45525 5457
Ni2 Ga2 Ni2 117.00(5) . 1_655?

Ni2 Ga2 Ga3 107.58(2) . 25 545 ?

Ni2 Ga2 Ga3 107.58(2) 1 65525 5457
Ni2 Ga2 Ga3 107.58(2) . 25 ?

Ni2 Ga2 Ga3 107.58(2) 1_655 25 ?

Ga3 Ga2 Ga3 109.37(10) 25_545 252
Ni2 Ga2 Ga2 58.50(3) . 17_656 ?

Ni2 Ga2 Ga2 58.50(3) 1_655 17 656 ?
Ga3 Ga2 Ga2 125.31(5) 25_545 17_656 2
Ga3 Ga2 Ga2 125.31(5) 25 17_656 2

Ni2 Ga2 Ga2 127.078(12) . 21_655?

Ni2 Ga2 Ga2 52.921(12) 1_655 21 6557
Ga3 Ga2 Ga2 125.24(2) 25 54521 6552
Ga3 Ga2 Ga2 54.76(2) 25 21 6557

Ga2 Ga2 Ga2 90.0 17 656 21 655 ?

Ni2 Ga2 Ga2 52.921(12) . 21 5452

Ni2 Ga2 Ga2 127.077(12) 1_65521 5452
Ga3 Ga2 Ga2 54.76(2) 25 54521 545 ?
Ga3 Ga2 Ga2 125.24(2) 25 21 5452

Ga2 Ga2 Ga2 90.0 17_656 21 545 ?

Ga2 Ga2 Ga2 180.0 21 65521 5452
Ni2 Ga2 Ga2 52.921(12) . 21 ?

Ni2 Ga2 Ga2 127.077(12) 1 65521 ?
Ga3 Ga2 Ga2 125.24(2) 25 54521 ?

Ga3 Ga2 Ga2 54.76(2) 25 21 ?

Ga2 Ga2 Ga2 90.0 17 656 21 ?

Ga2 Ga2 Ga2 90.0 21 6552172

Ga2 Ga2 Ga2 90.0 21 545217

Ni2 Ga2 Ga2 127.078(12) . 21 _645?

Ni2 Ga2 Ga2 52.921(12) 1_65521 6457
Ga3 Ga2 Ga2 54.76(2) 25 54521 645 ?
Ga3 Ga2 Ga2 125.24(2) 25 21 6452

Ga2 Ga2 Ga2 90.0 17_65621_645 ?

Ga2 Ga2 Ga2 90.0 21_65521_645?
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Ga2 Ga2 Ga2 90.0 21 54521 645 ?

Ga2 Ga2 Ga2 180.0 21 21 645 ?

Ni2 Ga2 Cel 161.17(4) . 1_6557

Ni2 Ga2 Cel 81.832(19) 1_6551 655 ?
Ga3 Ga2 Cel 63.58(4) 25 5451 655°?
Ga3 Ga2 Cel 63.58(4)25 1 655 ?

Ga2 Ga2 Cel 140.331(19) 17 656 1 655 ?
Ga2 Ga2 Cel 63.169(11) 21 6551 655 ?
Ga2 Ga2 Cel 116.833(11) 21 5451 655?
Ga2 Ga2 Cel 116.833(11) 21 1 6552
Ga2 Ga2 Cel 63.169(11) 21 6451 655 ?
Ni2 Ga2 Cel 81.832(19) .. ?

Ni2 Ga2 Cel 161.17(4) 1 655 .7

Ga3 Ga2 Cel 63.58(4) 25 545 .7

Ga3 Ga2 Cel 63.58(4) 25 . ?

Ga2 Ga2 Cel 140.332(19) 17_656 . ?
Ga2 Ga2 Cel 116.833(11) 21 655 .7
Ga2 Ga2 Cel 63.169(11) 21 545 .2

Ga2 Ga2 Cel 63.169(11) 21 . ?

Ga2 Ga2 Cel 116.833(11) 21 645 .7
Cel Ga2 Cel 79.34(4) 1_655 .7

_diffrn_ measured fraction_theta max 0.941
_diffrn_reflns_theta_full 29.70
_diffrn_measured fraction_theta full 0.941
_refine_diff density max 2.591
_refine diff density min -2.564
_refine diff density rms 0.558

D.2. CIF for Pr,NiGa;

X-ray Filename: Jasminel8
data_Pr,NiGa,q

_audit creation_method SHELXL-97
_chemical name systematic

E;

_chemical name common ?
_chemical melting point ?

_chemical formula moiety ?
_chemical formula sum

'Ga20 Ni Pr'

_chemical formula weight 1594.02

loop

_atom_type symbol

_atom_type description

_atom_type scat_dispersion_real

_atom_type scat_dispersion_imag

_atom_type scat_source

'Pr' 'Pr' -0.2180 2.8214

'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'Ni' 'Ni' 0.3393 1.1124
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'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"'
'Ga' 'Ga' 0.2307 1.6083
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'

_symmetry_cell_setting Tetragonal
_symmetry_space group name H-M I4/mmm

loop
_symmetry_equiv_pos_as_Xyz

'x+1/2, y+1/2, z+1/2'
-x+1/2, -y+1/2, z+1/2'
'x+1/2, -y+1/2, -z+1/2'
-x+1/2, y+1/2, -z+1/2'
-y+1/2, -x+1/2, -z+1/2'
'y+1/2, x+1/2, -z+1/2'
'y+1/2, -x+1/2, z+1/2'
y+1/2, x+1/2, z+1/2'

ly, _X’ _Z‘

'x+1/2, -y+1/2, -z+1/2'
'x+1/2, y+1/2, -z+1/2'
'x+1/2, y+1/2, z+1/2'
'x+1/2, -y+1/2, z+1/2'
'y+1/2, x+1/2, z+1/2'
y+1/2, -x+1/2, z+1/2"
-y +1/2, x+1/2, -z+1/2'
'y+1/2, -x+1/2, -z+1/2'

_cell length a 4.2330(4)
_cell length b 4.2330(4)
_cell length ¢ 26.364(3)
_cell_angle alpha 90.00
_cell_angle beta 90.00
_cell_angle gamma 90.00
_cell_volume 472.40(8)
_cell formula_units Z 2

_cell_measurement temperature 293(2)
_cell_measurement reflns used ?
_cell measurement theta min  ?
_cell measurement theta max  ?

_exptl_crystal description ?
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_exptl_crystal colour ?

_exptl_crystal size_max ?
_exptl _crystal size mid ?
_exptl _crystal size min ?

_exptl _crystal density meas ?
_exptl_crystal density diffrn  11.206
_exptl_crystal density method 'not measured'
_exptl_crystal F 000 1414
_exptl_absorpt_coefficient mu  62.858
_exptl_absorpt correction_type ?
_exptl_absorpt _correction T min ?
_exptl_absorpt_correction T max ?
_exptl_absorpt process details ?

_exptl_special_details

?

>

_diffrn_ambient temperature ~ 293(2)
_diffrn_radiation_wavelength ~ 0.71073
_diffrn_radiation_type MoK\a
_diffrn_radiation_source 'fine-focus sealed tube’'
_diffrn_radiation_monochromator graphite
_diffrn_measurement device type ?

_diffrn_measurement method ?
_diffrn_detector area resol mean ?
_diffrn_standards_number ?

_diffrn_standards_interval count ?
_diffrn_standards_interval time ?
_diffrn_standards_decay % ?
_diffrn_reflns_number 573
_diffrn_reflns_av_R_equivalents 0.0385
_diffrn_reflns_av_sigmal/netl  0.0444
_diffrn_reflns_limit h min -5
_diffrn_reflns_limit_ h _max 5
_diffrn_reflns_limit k min -4
_diffrn_reflns_limit k max 4
_diffrn_reflns_limit 1 min -25
_diffrn_reflns_limit 1 max 36
_diffrn_reflns_theta min 3.09
_diffrn_reflns_theta max 29.98
_reflns number total 254
_reflns number gt 244
_reflns_threshold expression  >2sigma(l)

_computing_data_collection ?
_computing_cell_refinement ?
_computing_data_reduction ?

_computing_structure_solution 'SHELXS-97 (Sheldrick, 1990)'
_computing_structure _refinement 'SHELXL-97 (Sheldrick, 1997)'
_computing_molecular graphics ?

_computing_publication material ?

_refine special details

>
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Refinement of F*2” against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F*2”, conventional R-factors R are based

on F, with F set to zero for negative F*2”. The threshold expression of

F~27 > 2sigma(F~2") is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based

on F~2" are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

>

refine Is structure factor coef Fsqd
_refine_ls matrix_type full

_refine s weighting scheme  calc

_refine s weighting_details

'calc w=1/[\s"2"(Fo"2")+(0.0596P)"2"+79.6220P] where P=(Fo"2"+2Fc"2")/3'
_atom_sites_solution primary  direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine Is hydrogen treatment mixed
_refine Is extinction method  SHELXL
_refine ls_extinction coef 0.0015(8)
_refine_ls_extinction expression
'FeM*1=kFc[1+0.001xFc 2™M\1"3%/sin(2\q)]*-1/4"
_refine Is number reflns 254
_refine Is number parameters 19

refine Is number restraints 0

_refine Is R factor all 0.0605
_refine Is R factor gt 0.0585
_refine Is wR_factor ref 0.1577
_refine Is wR factor gt 0.1556

_refine Is _goodness_of fit ref 1.242
_refine_Is restrained S all 1.242

_refine Is shift/su_max 0.000
_refine Is shift/su_mean 0.000
loop

_atom_site_label

_atom_site_type symbol

_atom_site_fract x

_atom_site_fract y

_atom_site fract z

_atom_site_U iso_or_equiv

_atom_site_adp_type

_atom_site_occupancy

_atom_site_symmetry multiplicity

_atom_site calc flag

_atom_site_refinement flags

_atom_site_disorder _assembly

_atom_site_disorder_group

Pr1 Pr 0.0000 0.0000 0.35410(6) 0.0060(6) Uani 1 8d S ..
Gal Ga 0.0000 0.5000 0.2500 0.0231(10) Uani 1 8d S ..
Ga2 Ga 0.5000 0.0000 0.45090(8) 0.0065(7) Uani 14d S ..
Nil Ni 0.0000 0.0000 0.5000 0.0054(11) Uani 1 16d S ..
Ga4 Ga 0.0000 0.0000 0.19748(16) 0.0191(10) Uani 1 8d S . .
Ga3 Ga 0.0000 0.0000 0.10627(14) 0.0088(8) Uani 1 8d S ..

loop
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_atom_site_aniso_label

_atom_site_aniso U 11

_atom_site _aniso U 22

_atom_site aniso U 33

_atom_site _aniso U 23

_atom_site_aniso U 13

_atom_site_aniso U 12

Pr1 0.0037(7) 0.0037(7) 0.0106(9) 0.000 0.000 0.000
Gal 0.0259(15) 0.0259(15) 0.0173(18) 0.000 0.000 0.000
Ga2 0.0049(11) 0.0089(12) 0.0058(10) 0.000 0.000 0.000
Nil 0.0019(14) 0.0019(14) 0.013(2) 0.000 0.000 0.000
Ga4 0.0219(14) 0.0219(14) 0.0135(17) 0.000 0.000 0.000
Ga3 0.0064(10) 0.0064(10) 0.0138(17) 0.000 0.000 0.000

_geom_special details

All esds (except the esd in the dihedral angle between two L.s. planes)

are estimated using the full covariance matrix. The cell esds are taken

into account individually in the estimation of esds in distances, angles

and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.

>

loop
_geom_bond_atom_site label 1
_geom_bond_atom_site label 2
_geom_bond_distance
_geom bond site symmetry 2
_geom_bond publ flag

Prl Ga3 3.1703(14) 25 ?

Prl Ga3 3.1703(14) 25 _4457?
Prl Ga3 3.1703(14) 25 _4557?
Pr1 Ga3 3.1703(14) 25 5457
Prl Ga4 3.2875(18) 25 4457
Pr1 Ga4 3.2875(18) 25 ?

Prl Ga4 3.2875(18) 25 4557
Prl Ga4 3.2875(18) 25 5457
Pr1 Ga2 3.316(2) 21 ?

Prl Ga2 3.316(2) 1 _4557?
Prl Ga2 3.316(2) 21 5457?
Prl Ga2 3.316(2) . ?

Gal Gad 2.529(2) .?

Gal Ga4 2.529(2) 25 ?

Gal Ga4 2.529(2) 25 4557?
Gal Ga4 2.529(2) 1_5657?
Gal Gal 2.9932(3) 25 565 7?
Gal Gal 2.9932(3) 25 4557?
Gal Gal 2.9932(3) 25 465 7?
Gal Gal 2.9932(3) 25 ?

Gal Prl 3.4658(13) 1 _5657?
Gal Prl 3.4658(13) 25 4557?
Gal Prl 3.4658(13) 25 ?
Ga2 Nil 2.4810(11) . ?

Ga2 Nil 2.4810(11) 1_655?
Ga2 Ga2 2.589(4) 17_656 ?
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Ga2 Ga3 2.598(2) 25_545 2
Ga2 Ga3 2.598(2) 25 ?

Ga2 Ga2 2.9932(3) 21_ 5452
Ga2 Ga2 2.9932(3) 21_655?
Ga2 Ga2 2.9932(3) 21_645?
Ga2 Ga2 2.9932(3) 21 ?

Ga2 Pr1 3316(2) 1 6557
Nil Ga2 2.4809(11) 5 566 ?
Nil Ga2 2.4809(11) 17 6567
Nil Ga2 2.4809(11) 5 5562
Nil Ga2 2.4809(11) 17 5567
Nil Ga2 2.4810(11) 21_545?
Nil Ga2 2.4810(11) 1_455?
Nil Ga2 2.4810(11) 21 ?

Ga4 Ga3 2.405(6) . ?

Ga4 Gal 2.529(2) 25 ?

Gad Gal 2.529(2) 25 455 ?
Gad Gal 2.529(2) 1 5457
Gad Prl 3.2876(18) 25 445 ?
Ga4 Prl 3.2876(18) 25 ?

Ga4 Prl 3.2876(18) 25 4552
Ga4 Prl 3.2876(18) 25 5452
Ga3 Ga2 2.598(2) 13 4557
Ga3 Ga2 2.598(2) 25 5459
Ga3 Ga2 2.598(2) 13 ?

Ga3 Ga2 2.598(2) 25 ?

Ga3 Prl 3.1703(14) 25 ?

Ga3 Prl 3.1703(14) 25 4452
Ga3 Prl 3.1703(14) 25_455?
Ga3 Prl 3.1703(14) 25_545 2

loop

_geom_angle atom site label 1
_geom_angle atom_site label 2
_geom_angle atom_site label 3
_geom_angle
_geom_angle site symmetry 1
_geom_angle site symmetry 3
_geom_angle publ flag

Ga3 Prl Ga3 141.52(14) 2525 4457?
Ga3 Prl Ga3 83.77(4) 25 25_4557?

Ga3 Prl Ga3 83.77(4) 25_44525_455?
Ga3 Prl Ga3 83.77(4) 25 25_5457?

Ga3 Prl Ga3 83.77(4) 25_44525_5457?
Ga3 Prl Ga3 141.52(14) 25 45525 5457
Ga3 Prl Ga4 174.81(10) 25 25 4457
Ga3 Prl Ga4 43.67(9) 25 44525 4457
Ga3 Prl Ga4 97.83(3) 25 45525 4457?
Ga3 Prl Ga4 97.83(3) 25 54525 4457
Ga3 Prl Ga4 43.67(9) 25257

Ga3 Prl Ga4 174.81(10) 25 445257
Ga3 Prl Ga4 97.83(3) 25_455257?

Ga3 Prl Ga4 97.83(3) 25 _545257?

Ga4 Prl Ga4 131.14(14) 25 445257?
Ga3 Prl Ga4 97.83(3) 25 25_4557?

Ga3 Prl Ga4 97.83(3) 25_44525_4557?
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Ga3 Prl Gad 43.67(9) 25 45525 4557
Ga3 Prl Gad 174.81(10) 25_54525 4557
Ga4 Prl Gad 80.15(5) 25 445 25 4557
Ga4 Prl Ga4 80.15(5) 25 25 455 ?

Ga3 Prl Gad 97.83(3) 2525 _545?

Ga3 Prl Gad 97.83(3) 25 44525 5459
Ga3 Prl Gad 174.81(10) 25 45525 5457
Ga3 Prl Gad 43.67(9) 25 54525 5459
Ga4 Prl Gad 80.15(5) 25 44525 5459
Ga4 Prl Gad 80.15(5) 25 25 545 ?

Ga4 Prl Gad 131.14(14) 25 45525 5457
Ga3 Prl Ga2 47.17(5) 2521 2

Ga3 Prl Ga2 99.93(7) 25 44521 ?

Ga3 Prl Ga2 47.17(5) 25 45521 ?

Ga3 Prl Ga2 99.93(7) 25 54521 ?

Ga4 Prl Ga2 136.83(6) 25 44521 ?
Ga4 Prl Ga2 84.69(6) 25 21 ?

Gad Prl Ga2 84.69(6) 25 45521 ?

Gad Prl Ga2 136.83(6) 25 54521 ?
Ga3 Prl Ga2 99.93(7) 25 1_455?

Ga3 Prl Ga2 47.17(5) 25 445 1 4559
Ga3 Prl Ga2 47.17(5) 25 455 1 45579
Ga3 Prl Ga2 99.93(7) 25 545 1 4557
Ga4 Prl Ga2 84.69(6) 25 445 1 4557
Ga4 Prl Ga2 136.83(6) 25 1 455 ?

Ga4 Prl Ga2 84.69(6) 25 455 1 4557
Ga4 Prl Ga2 136.83(6) 25 545 1 4557
Ga2 Prl Ga2 53.66(4) 21 1_455?

Ga3 Prl Ga2 99.93(7) 25 21_545?

Ga3 Prl Ga2 47.17(5) 25 44521 5457
Ga3 Prl Ga2 99.93(7) 25 45521 5457
Ga3 Prl Ga2 47.17(5) 25 54521 5459
Ga4 Prl Ga2 84.69(6) 25 44521 5457
Ga4 Prl Ga2 136.83(6) 25 21 545 ?
Ga4 Prl Ga2 136.83(6) 25 45521 5457
Ga4 Prl Ga2 84.69(6) 25 54521 5457
Ga2 Prl Ga2 79.34(6) 21 21_545?

Ga2 Prl Ga2 53.66(4) 1 45521 5459
Ga3 Prl Ga2 47.17(5) 25 .2

Ga3 Prl Ga2 99.93(7) 25 445 .2

Ga3 Prl Ga2 99.93(7) 25 455 .2

Ga3 Prl Ga2 47.17(5) 25 545 .2

Ga4 Prl Ga2 136.83(6) 25 445 .?

Ga4 Prl Ga2 84.69(6) 25 . ?

Ga4 Prl Ga2 136.83(6) 25 455 .?

Ga4 Prl Ga2 84.69(6) 25 545 .7

Ga2 Prl Ga2 53.66(4) 21 . ?

Ga2 Prl Ga2 79.34(6) 1_455.?

Ga2 Prl Ga2 53.66(4) 21 545 .2

Ga4 Gal Ga4 107.44(8) . 25 ?

Ga4 Gal Ga4 107.44(8) . 25 4557

Ga4 Gal Ga4 113.61(16) 25 25 4552
Ga4 Gal Ga4 113.61(16) . 1 5657

Ga4 Gal Ga4 107.44(8) 25 1_565?

Ga4 Gal Ga4 107.44(8) 25 455 1 5657
Ga4 Gal Gal 126.28(4) . 25 5657
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Ga4 Gal Gal 53.72(4) 25 25_565 2

Ga4 Gal Gal 126.28(4) 25 45525 565 ?
Ga4 Gal Gal 53.72(4) 1_56525_565?
Ga4 Gal Gal 53.72(4) . 25 4557

Ga4 Gal Gal 126.28(4) 25 25_455?
Ga4 Gal Gal 53.72(4) 25 45525 4557
Gad Gal Gal 126.28(4) 1_56525 455 ?
Gal Gal Gal 180.0 25 56525 4552
Ga4 Gal Gal 126.28(4) . 25 4657

Ga4 Gal Gal 126.28(4) 25 25 465 ?
Ga4 Gal Gal 53.72(4) 25 45525 465 ?
Ga4 Gal Gal 53.72(4) 1_56525 46572
Gal Gal Gal 90.0 25 56525 465 ?
Gal Gal Gal 90.0 25_45525 465 ?
Ga4 Gal Gal 53.72(4) .25 ?

Ga4 Gal Gal 53.72(4) 25 25 ?

Gad Gal Gal 126.28(4) 25 455257
Ga4d Gal Gal 126.28(4) 1 56525 ?

Gal Gal Gal 90.0 25_565 25 ?

Gal Gal Gal 90.0 25 455257

Gal Gal Gal 180.0 25 465 25 ?

Ga4 Gal Prl 85.56(8) .. ?

Ga4 Gal Prl 64.31(6) 25 .7

Ga4 Gal Prl 64.31(6) 25 455 .7

Ga4 Gal Prl 160.84(8) 1_565 .7

Gal Gal Prl 115.582(10) 25 565 . ?
Gal Gal Prl 64.415(11) 25 455 .?

Gal Gal Prl 115.582(11) 25 465 . ?
Gal Gal Prl 64.415(11)25 .2

Ga4 Gal Prl 160.83(8). 1 565 ?

Ga4 Gal Prl 64.31(6) 25 1_565?

Gad Gal Prl 64.31(6) 25 4551 5652
Gad Gal Prl 85.56(8) 1 5651 5657
Gal Gal Prl 64.415(11)25 565 1 5657

Gal Gal Prl 115.582(11) 25 4551 5657?

Gal Gal Prl 64.415(11) 25 465 1 5657
Gal Gal Prl 115.582(10) 25 1 5652
Prl Gal Pr1 75.28(3) .1 5657

Ga4 Gal Prl 64.31(6) . 25 4552

Ga4 Gal Prl 160.83(8) 25 25_455 ?

Ga4 Gal Prl 85.56(8) 25 455 25 4557
Ga4 Gal Prl 64.31(6) 1_565 25 4557

Gal Gal Prl 115.584(10) 25_565 25 455 ?
Gal Gal Prl 64.419(11) 25 45525 4557
Gal Gal Prl 64.419(10) 25_465 25 455 ?

Gal Gal Prl 115.584(11) 25 25_455?
Prl Gal Prl 128.83(2) .25 4557

Prl Gal Prl 128.83(2) 1 56525 455 ?
Ga4 Gal Prl 64.31(6) .25 ?

Ga4 Gal Prl 85.56(8) 25 25 ?

Ga4 Gal Prl 160.83(8) 25 45525 ?
Ga4 Gal Prl 64.31(6) 1_56525?

Gal Gal Prl 64.419(11) 25 565 25 ?
Gal Gal Prl 115.584(11) 25_45525?
Gal Gal Prl 115.584(10) 25_465 25 ?
Gal Gal Prl 64.419(11) 25 25 ?
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Prl Gal Prl 128.83(2) .25 ?
Prl Gal Prl 128.83(2) 1 565257

Prl Gal Prl 75.28(3) 25_45525?

Nil Ga2 Nil 117.10(8) . 1_655?

Nil Ga2 Ga2 58.55(4) . 17_656?

Nil Ga2 Ga2 58.55(4) 1_655 17 656 ?
Nil Ga2 Ga3 107.62(3) . 25 5457

Nil Ga2 Ga3 107.62(3) 1 65525 5452
Ga2 Ga2 Ga3 125.46(7) 17_656 25 5452
Nil Ga2 Ga3 107.62(3) . 25 ?

Nil Ga2 Ga3 107.62(3) 1_655 25 ?

Ga2 Ga2 Ga3 125.46(7) 17_656 25 ?
Ga3 Ga2 Ga3 109.08(15) 25 545252
Nil Ga2 Ga2 52.898(19) .21 5452

Nil Ga2 Ga2 127.101(19) 1_65521 545 ?
Ga2 Ga2 Ga2 90.0 17_656 21 545 ?

Ga3 Ga2 Ga2 54.83(4) 25 54521 545?
Ga3 Ga2 Ga2 125.17(4) 25 21 5452

Nil Ga2 Ga2 127.102(19) . 21_655?

Nil Ga2 Ga2 52.899(19) 1_655 21 6552
Ga2 Ga2 Ga2 90.0 17 656 21 655 ?

Ga3 Ga2 Ga2 125.17(4) 25 54521 655 ?
Ga3 Ga2 Ga2 54.83(4) 25 21 6557

Ga2 Ga2 Ga2 180.0 21 54521 6557
Nil Ga2 Ga2 127.102(19) . 21 6452

Nil Ga2 Ga2 52.899(19) 1_655 21 6452
Ga2 Ga2 Ga2 90.0 17_656 21 645 ?

Ga3 Ga2 Ga2 54.83(4) 25 54521 645 ?
Ga3 Ga2 Ga2 125.17(4) 25 21_645?
Ga2 Ga2 Ga2 90.0 21 54521 645 ?

Ga2 Ga2 Ga2 90.0 21_65521_645?

Nil Ga2 Ga2 52.898(19) .21 ?

Nil Ga2 Ga2 127.101(19) 1 65521 ?
Ga2 Ga2 Ga2 90.0 17 65621 ?

Ga3 Ga2 Ga2 125.17(4) 25 545212
Ga3 Ga2 Ga2 54.83(4) 2521 ?

Ga2 Ga2 Ga2 90.0 21 545217

Ga2 Ga2 Ga2 90.0 21 6552172

Ga2 Ga2 Ga2 180.0 21 645212

Nil Ga2 Prl 161.12(7) . 1 6557

Nil Ga2 Prl 81.78(3) 1 6551 655 ?
Ga2 Ga2 Prl 140.33(3) 17_656 1 6557
Ga3 Ga2 Prl 63.48(6) 25 545 1 6557
Ga3 Ga2 Prl 63.48(6) 25 1_655?

Ga2 Ga2 Prl 116.832(18) 21 _545 1 655 ?
Ga2 Ga2 Prl 63.167(18) 21_655 1 65572
Ga2 Ga2 Prl 63.167(18) 21 6451 6552
Ga2 Ga2 Prl 116.833(18) 21 1 6552
Nil Ga2 Prl 81.78(3) . . ?

Nil Ga2 Prl 161.12(7) 1 655 .7

Ga2 Ga2 Prl 140.33(3) 17_656. ?

Ga3 Ga2 Prl 63.48(6) 25 545 .2

Ga3 Ga2 Prl 63.48(6) 25 . ?

Ga2 Ga2 Prl 63.167(18) 21_545.?

Ga2 Ga2 Prl 116.832(18) 21_655 .7
Ga2 Ga2 Prl 116.832(18) 21_645 . ?
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Ga2 Ga2 Prl 63.167(18) 21 . 2
Prl Ga2 Prl 79.34(6) 1_655 .7

Ga2 Nil Ga2 74.20(4) 5_566 17_656?
Ga2 Nil Ga2 117.10(8) 5_566 5_556 2
Ga2 Nil Ga2 74.20(4) 17_656 5_556?
Ga2 Nil Ga2 74.20(4) 5 566 17 5567
Ga2 Nil Ga2 117.10(8) 17_656 17 556 2
Ga2 Nil Ga2 74.20(4) 5 556 17 5562
Ga2 Nil Ga2 105.80(4) 5 566 .7

Ga2 Nil Ga2 62.90(8) 17 656 .2

Ga2 Nil Ga2 105.80(4) 5_556 .7

Ga2 Nil Ga2 180.00(8) 17_556.?

Ga2 Nil Ga2 180.0 5 56621 545 ?
Ga2 Nil Ga2 105.80(4) 17 656 21 5459
Ga2 Nil Ga2 62.90(8) 5 556 21 5452
Ga2 Nil Ga2 105.80(4) 17_556 21 5452
Ga2 Nil Ga2 74.20(4) . 21 5457

Ga2 Nil Ga2 105.80(4) 5 566 1 4552
Ga2 Nil Ga2 180.0 17 656 1 4557
Ga2 Nil Ga2 105.80(4) 5 556 1 4557
Ga2 Nil Ga2 62.90(8) 17 556 1_455?
Ga2 Nil Ga2 117.10(8) . 1 45572

Ga2 Nil Ga2 74.20(4) 21 545 1 455°?
Ga2 Nil Ga2 62.90(8) 5 566 21 ?

Ga2 Nil Ga2 105.80(4) 17 656 21 ?
Ga2 Nil Ga2 180.0 5 55621 ?

Ga2 Nil Ga2 105.80(4) 17 556 21 ?
Ga2 Nil Ga2 74.20(4) . 212

Ga2 Nil Ga2 117.10(8) 21_54521?
Ga2 Nil Ga2 74.20(4) 1 455217

Ga3 Ga4 Gal 123.19(8) .. ?

Ga3 Gad Gal 123.20(8) .25 ?

Gal Gad Gal 72.56(8) . 25 ?

Ga3 Ga4 Gal 123.20(8) . 25 4557

Gal Ga4 Gal 72.56(8) . 25 4557

Gal Ga4 Gal 113.61(16) 25 25 4557
Ga3 Ga4 Gal 123.20(8) . 1 5457

Gal Ga4 Gal 113.61(16) . 1 5457

Gal Ga4 Gal 72.56(8) 25 1 5452

Gal Ga4 Gal 72.56(8) 25 455 1 5457
Ga3 Gad Prl 65.57(7) .25 4457

Gal Gad Prl 139.92(3) . 25 445 ?

Gal Gad Prl 139.92(3) 25 25_445 ?
Gal Gad Prl 71.80(2) 25 455 25 4457
Gal Gad Prl 71.80(2) 1_545 25 4452
Ga3 Gad Prl 65.57(7) . 25 ?

Gal Ga4 Prl 71.80(2) . 25 ?

Gal Gad Prl 71.80(2) 25 25 ?

Gal Ga4 Prl 139.92(3) 25 45525 ?
Gal Gad Prl 139.92(3) 1 545252

Prl Gad Prl 131.14(14) 25 445252
Ga3 Gad Prl 65.57(7) . 25 4552

Gal Gad Prl 71.80(2) . 25 4552

Gal Gad Prl 139.92(3) 25 25 455 ?
Gal Gad Prl 71.80(2) 25 455 25 4557
Gal Gad Prl 139.92(3) 1_545 25 4557
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Prl Gad Prl 80.15(5) 25_445 25 4552
Prl Gad Prl 80.15(5) 25 25 455 2

Ga3 Gad Prl 65.57(7) .25 5452

Gal Ga4 Prl 139.92(3) . 25 _545?

Gal Gad Prl 71.80(2) 25 25 5452

Gal Gad Prl 139.92(3) 25 45525 5457
Gal Ga4 Pr1 71.80(2) 1_545 25 5457
Prl Gad Prl 80.15(5) 25 44525 5452
Prl Gad Prl 80.15(5) 25 25 5452

Prl Gad Prl 131.14(14) 25 45525 5459
Ga4 Ga3 Ga2 125.46(7) . 13 4557

Ga4 Ga3 Ga2 125.46(7) . 25_545?

Ga2 Ga3 Ga2 70.33(7) 13_45525 5452
Ga4 Ga3 Ga2 125.46(7) . 13 ?

Ga2 Ga3 Ga2 109.08(15) 13 45513 ?
Ga2 Ga3 Ga2 70.33(7) 25_545 13

Ga4 Ga3 Ga2 125.46(7) . 25 ?

Ga2 Ga3 Ga2 70.33(7) 13_45525?

Ga2 Ga3 Ga2 109.08(15) 25_545 252
Ga2 Ga3 Ga2 70.33(7) 13 25 ?

Ga4 Ga3 Prl 70.76(7) . 25 ?

Ga2 Ga3 Prl 137.30(5) 13_455 25 ?
Ga2 Ga3 Prl 137.30(5) 25_545 25 ?
Ga2 Ga3 Prl 69.35(3) 1325 2

Ga2 Ga3 Prl 69.35(4) 2525 2

Ga4 Ga3 Prl 70.76(7) . 25 4452

Ga2 Ga3 Prl 69.35(4) 13 45525 4459
Ga2 Ga3 Prl 69.35(4) 25 54525 4459
Ga2 Ga3 Prl 137.30(5) 13 25_445 ?

Ga2 Ga3 Prl 137.30(5) 25 25_445 ?

Prl Ga3 Prl 141.52(14) 25 25 445?
Gad Ga3 Prl 70.76(7) . 25_455 2

Ga2 Ga3 Prl 69.35(3) 13 45525 4557
Ga2 Ga3 Prl 137.30(5) 25 54525 4557
Ga2 Ga3 Prl 137.30(5) 13 25 455 ?

Ga2 Ga3 Prl 69.35(4) 25 25 455 ?

Prl Ga3 Prl 83.77(4) 25 25 4552

Prl Ga3 Prl 83.77(4) 25 44525 4559
Ga4 Ga3 Prl 70.76(7) . 25 5452

Ga2 Ga3 Prl 137.30(5) 13_45525 5457
Ga2 Ga3 Prl 69.35(3) 25 54525 5457
Ga2 Ga3 Prl 69.35(4) 1325 545 ?

Ga2 Ga3 Prl 137.30(5) 25 25_545 ?

Prl Ga3 Prl 83.77(4) 25 25 5452

Prl Ga3 Prl 83.77(4) 25_44525 545 ?
Prl Ga3 Prl 141.52(14) 25 45525 5459

_diffrn_measured fraction_theta max 0.992
_diffrn_reflns_theta_full 29.98
_diffrn_measured fraction theta full 0.992
_refine diff density max 8.914

_refine diff density min -2.657
_refine diff density rms 0.706
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D.3. CezNiGau

X-ray Filename: Jasmine28

data_Ce,NiGay,

_audit creation_method SHELXL-97
_chemical name systematic

E;

_chemical name common ?
_chemical melting point ?

_chemical formula moiety ?
_chemical formula sum

'Ce Ga20 N{'

_chemical formula weight 1593.23

loop

_atom_type symbol

_atom_type_description

_atom_type scat_dispersion_real

_atom_type scat_dispersion_imag

_atom_type scat_source

'Ce' 'Ce' -0.2486 2.6331

'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
'Ni' 'Ni' 0.3393 1.1124

'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
'Ga' 'Ga' 0.2307 1.6083

'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"

_symmetry_cell_setting Tetragonal
_symmetry_space group name H-M P4/nbm

loop
_symmetry_equiv_pos_as_Xyz
'X, Y, A

-x+1/2, -y+1/2, 7'

X, -y+1/2, -7'

-y +1/2, -x+1/2, -7'
|y’ X, A

'y, -x+1/2, 7'
y+1/2, %, 7'
'x-1/2,y-1/2, -7
'-X,y-1/2, 7'
'x-1/2, -y, 7'
'y-1/2,x-1/2, 7'
l_y, —X, Z’

-y, x-1/2, -7’
'y-1/2, x, -Z'

_cell_length a 6.0360(3)

_cell_length b 6.0360(3)
_cell_length ¢ 15.5060(15)
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_cell_angle alpha 90.00

_cell_angle beta 90.00
_cell angle gamma 90.00
_cell _volume 564.93(7)
_cell formula units Z 2

_cell_measurement temperature  293(2)
_cell_measurement reflns used ?
_cell_measurement theta min ~ ?
_cell_measurement theta max  ?

_exptl_crystal description ?

_exptl_crystal colour ?

_exptl_crystal size max ?
_exptl _crystal size mid ?
_exptl_crystal size min ?

_exptl_crystal density meas ?
_exptl_crystal density diffrn  9.366

_exptl crystal density method 'not measured'

_exptl crystal F 000 1412
_exptl_absorpt_coefficient mu  52.279
_exptl_absorpt_correction_type ?
_exptl_absorpt_correction T min ?
_exptl_absorpt correction T max ?
_exptl_absorpt process details ?

_exptl_special_details
’?
_diffrn_ambient temperature ~ 293(2)

_diffrn_radiation wavelength ~ 0.71073
_diffrn_radiation type MoK\a

_diffrn_radiation_source 'fine-focus sealed tube'

_diffrn_radiation_monochromator graphite
_diffrn_measurement device type ?

_diffrn_measurement method ?
_diffrn_detector_area_resol_mean ?
_diffrn_standards_number ?

_diffrn_standards_interval count ?
_diffrn_standards_interval time ?
_diffrn_standards_decay % ?
_diffrn_reflns number 1120
_diffrn_reflns av_R equivalents 0.0307
_diffrn_reflns_av_sigmal/netl  0.0419

_diffrn_reflns_limit_ h_min -8
_diffrn_reflns_limit h_max 8
_diffrn_reflns_limit k min -6
_diffrn_reflns_limit k max 6
_diffrn_reflns_limit 1 min 221
_diffrn_reflns_limit 1 max 11
_diffrn_reflns_theta min 4.78
_diffrn_reflns_theta max 30.01
_reflns number total 456
_reflns number gt 375

_reflns_threshold expression  >2sigma(l)
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_computing_data_collection ?

_computing_cell refinement ?

_computing data reduction ?

_computing_structure_solution 'SHELXS-97 (Sheldrick, 1990)'
_computing_structure_refinement 'SHELXL-97 (Sheldrick, 1997)'
_computing_molecular_graphics  ?
_computing_publication_material ?

_refine_special details

Refinement of F*2” against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F*2”, conventional R-factors R are based

on F, with F set to zero for negative F/2”. The threshold expression of

F"24~ > 2sigma(F27) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based

on F"2” are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

>

_refine_Is_structure factor coef Fsqd
_refine_ls matrix_type full

_refine s weighting scheme  calc

_refine s weighting_details

'calc w=1/[\s"2(Fo""2")+(0.0283P)"2"+0.7799P] where P=(Fo"2"+2Fc"2")/3'
_atom_sites_solution primary  direct
_atom_sites_solution_secondary difmap
_atom_sites_solution _hydrogens geom
_refine Is hydrogen treatment mixed
_refine Is extinction method  SHELXL
_refine Is extinction coef 0.0010(2)

_refine Is extinction expression
'FeM*7=kFc[1+0.001xFc"2™M\1"3%/sin(2\q)]*-1/4"
_refine s number_reflns 456
_refine s number parameters 26
_refine_ls number_restraints 0

_refine Is R factor all 0.0406
_refine Is R factor gt 0.0301
_refine Is wR_factor ref 0.0710
_refine Is wR factor gt 0.0667

_refine Is goodness of fit ref 1.114
_refine_Is restrained S all 1.114
_refine Is shift/su_max 0.000
_refine Is shift/su_mean 0.000

loop

_atom_site_label
_atom_site_type_symbol
_atom_site fract x
_atom_site fract y
_atom_site_fract z
_atom_site_ U iso_or equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry multiplicity
_atom_site_calc_flag
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_atom_site_refinement flags

_atom_site_disorder _assembly

_atom_site disorder group

Cel Ce 0.7500 0.2500 0.24439(4) 0.0074(2) Uani 1 4d S . .

Ni2 Ni 0.7500 0.2500 0.0000 0.0079(4) Uani 1 8d S ..

Ga3 Ga 0.50023(8) 0.00023(8) -0.08340(5) 0.0093(2) Uani 1 2d S ..
Gal Ga 0.7500 0.7500 0.18143(8) 0.0087(3) Uani 1 4d S ..

Ga2 Ga 0.7500 0.7500 0.33955(9) 0.0119(3) Uani 14 d S ..

Ga4 Ga 0.57027(11) 0.07027(11) 0.42816(7) 0.0212(3) Uani 12d S ..

loop

_atom_site_aniso_label

_atom_site_aniso U 11

_atom_site_aniso U 22

_atom_site_aniso U 33

_atom_site_aniso U 23

_atom_site_aniso U 13

_atom_site_aniso U 12

Cel 0.0066(2) 0.0066(2) 0.0090(4) 0.000 0.000 -0.0005(2)

Ni2 0.0072(6) 0.0072(6) 0.0092(10) 0.000 0.000 0.000

Ga3 0.0097(3) 0.0097(3) 0.0084(5) 0.0000(2) 0.0000(2) -0.0007(3)
Gal 0.0084(4) 0.0084(4) 0.0093(7) 0.000 0.000 0.000

Ga2 0.0124(4) 0.0124(4) 0.0108(7) 0.000 0.000 0.000

Ga4 0.0243(4) 0.0243(4) 0.0149(5) 0.0052(3) 0.0052(3) 0.0091(4)

_geom_special details

All esds (except the esd in the dihedral angle between two l.s. planes)

are estimated using the full covariance matrix. The cell esds are taken

into account individually in the estimation of esds in distances, angles

and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.

>

loop
_geom_bond_atom_site label 1
_geom_bond_atom_site label 2
_geom_bond_distance
_geom_bond_site symmetry 2
_geom_bond publ flag

Cel Gal 3.1720(5) 11_6557?
Cel Gal 3.1720(5) 1 _5457?
Cel Gal 3.1720(5) 11_7557?
Cel Gal 3.1720(5) . ?

Cel Ga4 3.2361(11) 2 6557?
Cel Ga4 3.2362(11) . ?

Cel Ga3 3.2830(9) 3 ?

Cel Ga3 3.2830(9) 4 6557
Cel Ga3 3.2855(9) 9 6557
Cel Ga3 3.2855(9) 10_665?
Cel Ga2 3.3593(7) 11_6557?
Cel Ga2 3.3593(7) 1_5457?
Ni2 Ga3 2.4936(8) 4_655?

Ni2 Ga3 2.4936(8) 3 ?

Ni2 Ga3 2.4936(8) . ?
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Ni2 Ga3 2.4936(8) 2_655 ?
Ni2 Ga3 2.4969(8) 9_655 ?
Ni2 Ga3 2.4970(8) 10_665 ?
Ni2 Ga3 2.4970(8) 12_655 2
Ni2 Ga3 2.4970(8) 11_665 ?
Ga3 Ni2 2.4970(8) 9 655 ?
Ga3 Ga3 2.5863(16) 9 6552
Ga3 Gal 2.6200(9) 3 ?

Ga3 Gal 2.6200(9) 9 665 ?
Ga3 Ga3 3.01800(15) 12655 ?
Ga3 Ga3 3.01800(15) 11_655?
Ga3 Ga3 3.01800(15) 11_665 2
Ga3 Ga3 3.01800(15) 12 2
Ga3 Cel 3.2830(9) 3 ?

Ga3 Cel 3.2855(9) 9 655 ?
Gal Ga2 2.4518(18) . ?

Gal Ga3 2.6201(9) 3 ?

Gal Ga3 2.6201(9) 10_665 ?
Gal Ga3 2.6201(9) 9 665 ?
Gal Ga3 2.6201(9) 4_665?
Gal Cel 3.1720(5) 11_665 ?
Gal Cel 3.1720(5) 11_765 ?
Gal Cel 3.1720(5) 1 565 ?
Ga2 Ga4 2.6080(9) 12 665 ?
Ga2 Ga4 2.6080(9) 1 5652
Ga2 Gad 2.6080(9) 2_655 2
Ga2 Ga4 2.6080(9) 11_665 ?
Ga2 Cel 3.3593(7) 11_665 ?
Ga2 Cel 3.3594(7) 1_565 ?
Ga2 Cel 3.3594(7) 11_765 ?
Ga4 Ga4 2.531(2) 9 6562
Ga4 Ga2 2.6080(9) 11_655 ?
Ga4 Ga2 2.6080(9) 1 54572

loop

_geom_angle atom_site label 1
_geom_angle atom_site label 2

_geom _angle atom_site label 3
_geom_angle
_geom_angle site symmetry 1
_geom_angle site symmetry 3
_geom_angle publ flag

Gal Cel Gal 84.564(14) 11 6551 5457?
Gal Cel Gal 144.15(5) 11_655 11 _7557?
Gal Cel Gal 84.564(14) 1 54511 7557
Gal Cel Gal 84.563(14) 11 _655.7?

Gal Cel Gal 144.15(5) 1 545 .7

Gal Cel Gal 84.563(14) 11 _755.7?

Gal Cel Ga4 126.15(3) 11 6552 6557?
Gal Cel Ga4 126.15(3) 1 5452 6557
Gal Cel Ga4 87.25(2) 11 7552 6557?
Gal Cel Ga4 87.25(2) .2 655°?

Gal Cel Ga4 87.25(2) 11_655.7?

Gal Cel Ga4 87.25(2) 1 545 .7

Gal Cel Gad 126.15(3) 11_755 .7

Gal Cel Gad 126.15(3) .. ?
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Ga4 Cel Gad 56.60(4) 2_655 .2

Gal Cel Ga3 47.857(19) 11_6553 2

Gal Cel Ga3 101.71(3) 1 54537

Gal Cel Ga3 101.70(3) 11_7553 2

Gal Cel Ga3 47.857(19) .3 ?

Ga4 Cel Ga3 132.031(14) 2 6553 ?

Ga4 Cel Ga3 132.032(14) .3 ?

Gal Cel Ga3 101.71(3) 11_6554 655 ?
Gal Cel Ga3 47.857(19) 1_5454 6557
Gal Cel Ga3 47.857(19) 11 7554 655 ?
Gal Cel Ga3 101.70(3) . 4 6552

Ga4 Cel Ga3 132.031(14) 2 6554 6557
Ga4 Cel Ga3 132.031(14) . 4 655?

Ga3 Cel Ga3 81.00(3) 34 655 ?

Gal Cel Ga3 47.836(19) 11_6559 655 ?
Gal Cel Ga3 47.836(19) 1_5459 6552
Gal Cel Ga3 101.74(3) 11_7559 655 ?
Gal Cel Ga3 101.74(3). 9 6557

Ga4 Cel Ga3 167.75(3) 2_6559 655 ?
Ga4 Cel Ga3 111.15(2) . 9 6552

Ga3 Cel Ga3 54.705(14) 39 655 ?

Ga3 Cel Ga3 54.705(14) 4 6559 6557
Gal Cel Ga3 101.74(3) 11_655 10 665 ?
Gal Cel Ga3 101.74(3) 1_545 10 665 ?
Gal Cel Ga3 47.835(19) 11_755 10 665 ?
Gal Cel Ga3 47.835(19) . 10_665 ?

Ga4 Cel Ga3 111.15(2) 2655 10_665 ?
Ga4 Cel Ga3 167.75(3) . 10_665 ?

Ga3 Cel Ga3 54.705(14) 3 10_665 ?

Ga3 Cel Ga3 54.705(14) 4_655 10_665 ?
Ga3 Cel Ga3 81.10(3) 9 655 10_665 ?
Gal Cel Ga2 43.98(3) 11_655 11_655?
Gal Cel Ga2 97.770(11) 1_545 11 655 ?
Gal Cel Ga2 171.87(4) 11_755 11 6552
Gal Cel Ga2 97.769(11) . 11_655?

Ga4 Cel Ga2 85.09(3) 2655 11_655 ?
Ga4 Cel Ga2 46.54(2) . 11 6557

Ga3 Cel Ga2 85.49(2) 3 11_655?

Ga3 Cel Ga2 138.292(18) 4 655 11_655?
Ga3 Cel Ga2 85.45(2) 9 655 11_655 ?
Ga3 Cel Ga2 138.307(18) 10_665 11_655 2
Gal Cel Ga2 97.770(11) 11_655 1 5452
Gal Cel Ga2 43.98(3) 1 5451 545°?
Gal Cel Ga2 97.769(11) 11_755 1 5452
Gal Cel Ga2 171.87(4) .1 5457

Ga4 Cel Ga2 85.09(3) 2655 1 5452
Ga4 Cel Ga2 46.54(2) . 1 5457

Ga3 Cel Ga2 138.292(18) 3 1 545 ?

Ga3 Cel Ga2 85.49(2) 4 6551 5452
Ga3 Cel Ga2 85.45(2) 9 6551 5452
Ga3 Cel Ga2 138.307(18) 10 665 1 5452
Ga2 Cel Ga2 78.878(18) 11 6551 5452
Ga3 Ni2 Ga3 117.52(4) 4 65537

Ga3 Ni2 Ga3 105.602(17) 4_655.?

Ga3 Ni2 Ga3 105.602(17) 3 . ?

Ga3 Ni2 Ga3 105.601(17) 4 6552 6552
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Ga3 Ni2 Ga3 105.601(17) 3 2_655 ?

Ga3 Ni2 Ga3 117.52(4) . 2 6552

Ga3 Ni2 Ga3 74.421(15) 4_6559 6557
Ga3 Ni2 Ga3 74.421(15) 39 655 ?

Ga3 Ni2 Ga3 62.43(3) .9 655 ?

Ga3 Ni2 Ga3 179.95(2) 2_655 9 655 ?
Ga3 Ni2 Ga3 74.420(15) 4 655 10_665 ?
Ga3 Ni2 Ga3 74.420(15) 3 10_665 ?

Ga3 Ni2 Ga3 179.95(2) . 10 665 ?

Ga3 Ni2 Ga3 62.43(3) 2655 10 665 ?
Ga3 Ni2 Ga3 117.62(4) 9 655 10 665 ?
Ga3 Ni2 Ga3 62.43(3) 4 655 12 6557
Ga3 Ni2 Ga3 179.95(2) 3 12655 ?

Ga3 Ni2 Ga3 74.420(15) . 12_655 ?

Ga3 Ni2 Ga3 74.420(15) 2_655 12_655 2
Ga3 Ni2 Ga3 105.559(17) 9_655 12_655 ?
Ga3 Ni2 Ga3 105.558(17) 10_665 12655 ?
Ga3 Ni2 Ga3 179.95(2) 4 655 11_665 ?
Ga3 Ni2 Ga3 62.43(3) 3 11_665 ?

Ga3 Ni2 Ga3 74.420(15) . 11_665 ?

Ga3 Ni2 Ga3 74.420(15) 2_ 655 11_665?
Ga3 Ni2 Ga3 105.559(17) 9 655 11_665 ?
Ga3 Ni2 Ga3 105.558(17) 10 665 11_665 2
Ga3 Ni2 Ga3 117.62(4) 12655 11 665 ?
Ni2 Ga3 Ni2 117.57(3) . 9 6552

Ni2 Ga3 Ga3 58.85(3). 9 655 ?

Ni2 Ga3 Ga3 58.72(3) 9 6559 6552

Ni2 Ga3 Gal 107.55(2) . 3 ?

Ni2 Ga3 Gal 107.45(2) 9 6553 ?

Ga3 Ga3 Gal 125.46(3)9_6553 ?

Ni2 Ga3 Gal 107.55(2) . 9_665 ?

Ni2 Ga3 Gal 107.45(2) 9 6559 6652
Ga3 Ga3 Gal 125.46(3)9 6559 665 ?
Gal Ga3 Gal 109.08(5) 3 9 665 ?

Ni2 Ga3 Ga3 52.84(2) . 12655 ?

Ni2 Ga3 Ga3 127.180(13) 9_655 12655 ?
Ga3 Ga3 Ga3 90.06(2) 9_655 12 655 ?
Gal Ga3 Ga3 54.834(13) 3 126557

Gal Ga3 Ga3 125.24(3) 9 665 12 65572
Ni2 Ga3 Ga3 127.239(13) . 11_655 ?

Ni2 Ga3 Ga3 52.74(2) 9_655 11_655?
Ga3 Ga3 Ga3 89.94(2) 9_655 11_655?
Gal Ga3 Ga3 54.834(13) 3 11_655?

Gal Ga3 Ga3 125.09(3) 9_665 11_655?
Ga3 Ga3 Ga3 90.0 12_655 11_655 ?

Ni2 Ga3 Ga3 52.84(2) . 11_665?

Ni2 Ga3 Ga3 127.180(13) 9 655 11_665 ?
Ga3 Ga3 Ga3 90.06(2) 9 655 11_665?
Gal Ga3 Ga3 125.24(3) 3 11_665 ?

Gal Ga3 Ga3 54.834(13) 9 665 11 665 ?
Ga3 Ga3 Ga3 90.11(4) 12655 11_665 ?
Ga3 Ga3 Ga3 179.89(5) 11_655 11_665 ?
Ni2 Ga3 Ga3 127.239(13) . 122

Ni2 Ga3 Ga3 52.74(2) 9_655 122

Ga3 Ga3 Ga3 89.94(2) 9 655 122

Gal Ga3 Ga3 125.09(3)3 122
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Gal Ga3 Ga3 54.834(13)9_665 12 ?
Ga3 Ga3 Ga3 179.89(5) 12655 12 ?
Ga3 Ga3 Ga3 89.89(4) 11_655 122

Ga3 Ga3 Ga3 90.0 11_665 12 ?

Ni2 Ga3 Cel 80.74(2) .3 ?

Ni2 Ga3 Cel 161.69(3)9 65532

Ga3 Ga3 Cel 139.59(4) 9 65532

Gal Ga3 Cel 63.85(2) 3 3 ?

Gal Ga3 Cel 63.85(2)9 6653 ?

Ga3 Ga3 Cel 62.690(17) 126553 ?
Ga3 Ga3 Cel 117.364(8) 11_6553 ?

Ga3 Ga3 Cel 62.690(17) 11_6653 ?

Ga3 Ga3 Cel 117.364(8) 123 ?

Ni2 Ga3 Cel 161.79(3) .9 6557

Ni2 Ga3 Cel 80.64(2) 9 6559 655 ?
Ga3 Ga3 Cel 139.36(4) 9 6559 6552
Gal Ga3 Cel 63.81(2)39 6557

Gal Ga3 Cel 63.81(2) 9 6659 655 ?
Ga3 Ga3 Cel 117.341(8) 12_6559 655 ?
Ga3 Ga3 Cel 62.604(17) 11_6559 655 ?
Ga3 Ga3 Cel 117.341(8) 11_6659 655 ?
Ga3 Ga3 Cel 62.604(17) 129 655 ?

Cel Ga3 Cel 81.05(2)3 9 6552

Ga2 Gal Ga3 125.46(3) .3 ?

Ga2 Gal Ga3 125.46(3) . 10 665 ?

Ga3 Gal Ga3 70.33(3) 3 10_665 ?

Ga2 Gal Ga3 125.46(3) .9 6652

Ga3 Gal Ga3 70.33(3) 3 9_665?

Ga3 Gal Ga3 109.08(5) 10_6659 665 ?
Ga2 Gal Ga3 125.46(3) . 4_665?

Ga3 Gal Ga3 109.08(5) 3 4_665 ?

Ga3 Gal Ga3 70.33(3) 10 665 4 665 ?
Ga3 Gal Ga3 70.33(3)9_665 4 665 ?
Ga2 Gal Cel 72.07(2) . 11_665?

Ga3 Gal Cel 68.353(17) 3 11 665 ?

Ga3 Gal Cel 136.64(2) 10 665 11_665 ?
Ga3 Gal Cel 68.290(17) 9 665 11_665 ?
Ga3 Gal Cel 136.56(2) 4 665 11_665 ?
Ga2 Gal Cel 72.07(2) .. ?

Ga3 Gal Cel 68.290(17)3 .2

Ga3 Gal Cel 68.353(17) 10_665 . ?

Ga3 Gal Cel 136.56(2) 9 665 .7

Ga3 Gal Cel 136.64(2) 4 665 .7

Cel Gal Cel 84.564(14) 11_665 . ?

Ga2 Gal Cel 72.07(2) . 11_765?

Ga3 Gal Cel 136.56(2) 3 11_765?

Ga3 Gal Cel 68.290(17) 10 665 11_765 ?
Ga3 Gal Cel 136.64(2) 9 665 11_765?
Ga3 Gal Cel 68.352(17) 4 665 11_765 ?
Cel Gal Cel 144.15(5) 11_665 11_765?
Cel Gal Cel 84.564(14) . 11 _765?

Ga2 Gal Cel 72.07(2) . 1 5652

Ga3 Gal Cel 136.64(2) 3 1 565 ?

Ga3 Gal Cel 136.56(2) 10 665 1 5652
Ga3 Gal Cel 68.352(17)9 665 1_565?
Ga3 Gal Cel 68.290(17) 4 665 1_565?
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Cel Gal Cel 84.563(14) 11_665 1 565 ?
Cel Gal Cel 144.15(5) . 1 5652

Cel Gal Cel 84.563(14) 11_765 1 565 ?
Gal Ga2 Ga4 121.79(3) . 12_665?

Gal Ga2 Ga4 121.79(3) . 1 5652

Ga4 Ga2 Ga4 73.89(3) 12665 1_565 2
Gal Ga2 Ga4 121.79(3) . 26552

Ga4 Ga2 Ga4 73.89(3) 12665 2655 ?
Ga4 Ga2 Gad 116.42(6) 1_5652 6557
Gal Ga2 Ga4 121.79(3) . 11_665 ?

Ga4 Ga2 Gad 116.42(6) 12665 11_665 ?
Ga4 Ga2 Ga4 73.89(3) 1_565 11_665?
Ga4 Ga2 Gad 73.89(3) 2_ 655 11_665?
Gal Ga2 Cel 63.95(2). 11_665?

Ga4 Ga2 Cel 153.81(2) 12_665 11_665 ?
Ga4 Ga2 Cel 81.82(2) 1_565 11_665 ?
Gad Ga2 Cel 127.23(2) 2 655 11_665 ?
Gad Ga2 Cel 64.24(2) 11_665 11_665 ?
Gal Ga2 Cel 63.95(2). .7

Ga4 Ga2 Cel 127.23(2) 12665 . ?

Ga4 Ga2 Cel 153.81(2) 1 565 .7

Ga4 Ga2 Cel 64.24(2) 2 655 .7

Ga4 Ga2 Cel 81.82(2) 11_665 .7

Cel Ga2 Cel 78.878(18) 11_665 . ?

Gal Ga2 Cel 63.95(2). 1 5657

Ga4 Ga2 Cel 81.82(2) 12665 1 565 ?
Ga4 Ga2 Cel 64.24(2) 1 5651 565?
Ga4 Ga2 Cel 153.81(2)2 655 1 5652
Ga4 Ga2 Cel 127.23(2) 11_6651 565 ?
Cel Ga2 Cel 78.878(18) 11_665 1_565 ?
Cel Ga2 Cel 127.89(5). 1 5652

Gal Ga2 Cel 63.95(2) . 11_765?

Gad Ga2 Cel 64.24(2) 12665 11 765 ?
Ga4 Ga2 Cel 127.23(2) 1_565 11_765?
Ga4 Ga2 Cel 81.82(2) 2 655 11 _765?
Ga4 Ga2 Cel 153.81(2) 11 66511 765 ?
Cel Ga2 Cel 127.89(5) 11_665 11_765?
Cel Ga2 Cel 78.878(18) . 11_765?

Cel Ga2 Cel 78.878(18) 1 565 11 765 ?
Ga4 Ga4 Ga2 110.78(4) 9_656 11_655 ?
Ga4 Ga4 Ga2 110.78(4) 9_656 1 5452
Ga2 Gad Ga2 109.82(6) 11_655 1 5452
Ga4 Ga4 Cel 180.00(9) 9 656 . ?

Ga2 Gad Cel 69.22(3) 11_655 .2

Ga2 Gad Cel 69.22(3) 1 545 .72

_diffrn_measured fraction theta max 0.958

_diffrn_reflns_theta full 30.01

_diffrn_measured_fraction theta full 0.958

_refine diff density max 2.480
_refine diff density min -1.397
_refine diff density rms 0.341
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D.4. CIF for Pr,NiGa;,

X-ray Filename: Jasmine21

data_shelxl

_audit_creation_method SHELXL-97
_chemical_name_systematic

"2

_chemical_name_common ?
_chemical_melting_point ?
_chemical_formula_moiety ?

_chemical_formula_sum
"Ga20 Ni Pr-
_chemical_formula_weight 1594 .02

loop_

_atom_type_symbol

_atom_type_description

_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag

_atom_type_scat_source

"Pr* “Pr® -0.2180 2.8214

"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
"Ni® "Ni* 0.3393 1.1124

"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
"Ga" "Gar 0.2307 1.6083

"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"

_symmetry cell_setting ?
_symmetry_space_group_name_H-M ?
loop

_symmetry_equiv_pos_as_ Xyz

X, Y, z°

"-x+1/2, -y+1/2, z*©
"X, -y+1/2, -z*
"-x+1/2, y, -z°
-y+1/2, -x+1/2, -z*
Y, X, -z°

"y, -x+1/2, z*©
"-y+1/2, x, z°

.—X, -y, -z"

*x-1/2, y-1/2, -z*
"-x, y-1/2, z*©
"x-1/2, -y, z*©
y-1/2, x-1/2, z*
-y, X, Z°
-y, x-1/2, -z
y-1/2, -x, -z*

_cell_length_a 6.0080(7)
_cell_length_b 6.0080(7)
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_cell_length_c 15.454(3)

_cell_angle_alpha 90.00
_cell_angle_beta 90.00
_cell_angle_gamma 90.00
_cell_volume 557.83(13)
_cell_formula_units Z 2
_cell_measurement_temperature 298(2)
_cell_measurement_reflns_used ?
_cell_measurement_theta_min ?
_cell_measurement_theta_max ?
_exptl_crystal_description ?
_exptl_crystal_colour ?
_exptl_crystal_size max 0.05
_exptl_crystal_size mid 0.03
_exptl_crystal_size min 0.03
_exptl_crystal_density meas ?
_exptl_crystal_density diffrn 9.490
_exptl_crystal_density method "not measured*®
_exptl_crystal _F _000 1414
_exptl_absorpt_coefficient_mu 53.231
_exptl_absorpt_correction_type ?

_exptl_absorpt_correction_T _min 0.1761
_exptl_absorpt_correction_T max 0.3496
_exptl_absorpt_process_details ?

_exptl_special_details

?
_diffrn_ambient_temperature 298(2)
_diffrn_radiation_wavelength 0.71073
_diffrn_radiation_type MoK\a
_diffrn_radiation_source "fine-focus sealed tube*

_diffrn_radiation_monochromator graphite
_diffrn_measurement_device_type
_diffrn_measurement_method ?
_diffrn_detector_area_resol_mean ?
_diffrn_standards_number ?
?
?
?

~J

_diffrn_standards_interval_count
_diffrn_standards_interval_time
_diffrn_standards_decay %

_diffrn_reflns_number 933
_diffrn_reflns_av_R _equivalents 0.1161
_diffrn_reflns_av_sigmal/netl 0.1079
_diffrn_reflns_limit_h_min -7
_diffrn_reflns_limit_h_max 7
_diffrn_reflns_limit k min -5
_diffrn_reflns_limit _k max 5
_diffrn_reflns_limit_1 _min -17
_diffrn_reflns_limit_I_max 15
_diffrn_reflns_theta min 3.96
_diffrn_reflns_theta max 27.89
_reflns_number_total 346
_reflns_number_gt 193
_reflns_threshold_expression >2sigma(l)
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_computing_data collection ?

_computing_cell_refinement ?
_computing_data_reduction ?
_computing_structure_solution "SHELXS-97 (Sheldrick, 1990)*"
_computing_structure_refinement "SHELXL-97 (Sheldrick, 1997)*
_computing_molecular_graphics ?

_computing_publication_material ?

_refine_special_details

Refinement of F"2”~ against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F*"2”, conventional R-factors R are based

on F, with F set to zero for negative F*"2~_. The threshold expression of
Fr2n > 2sigma(FM27) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on F"2~ are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

_refine_ls_structure_ factor_coef Fsqd
_refine_Is_matrix_type full
_refine_ls_weighting_scheme calc
_refine_lIs_weighting_details
"calc w=1/[\s"2"(Fo"2"™)+(0.0556P)"2"+0.0000P] where P=(Fo"2~+2Fc"2™)/3*

_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine_Is_hydrogen_treatment mixed
_refine_lIs_extinction_method SHELXL
_refine_Is_extinction_coef 0.0022(4)

_refine_ls_extinction_expression
"FcN*N=kFc[1+0.001XFc 2™\ IN3N/sin(2\q) ]-1/74""

_refine_Is_number_reflns 346
_refine_Is_number_parameters 26
_refine_Is_number_restraints 0
_refine_lIs_R_factor_all 0.1105
_refine_ls_R_factor_gt 0.0493
_refine_ls_wR_factor_ref 0.1312
_refine_Is_wR_factor_gt 0.1063
_refine_ls_goodness of Fit_ref 0.963
_refine_Is_restrained_S_all 0.963
_refine_Is_shift/su_max 0.000
_refine_Is_shift/su_mean 0.000
loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract y
_atom_site_fract z
_atom_site_U iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
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_atom_site_disorder_assembly
_atom_site_disorder_group

Prl1 Pr 0.7500 0.2500 0.24459(11) 0.0067(6) Uani 1 4 d S .

Ni2 Ni 0.7500 0.2500 0.0000 0.0047(13) Uani 1 8d S . .

Ga3 Ga 0.5006(3) 0.0006(3) -0.08399(16) 0.0068(7) Uani 1 2 d S .
Gal Ga 0.7500 0.7500 0.1816(2) 0.0088(10) Uani 1 4 d S .

Ga2 Ga 0.7500 0.7500 0.3394(3) 0.0120(10) Uani 1 4d S . .

Gad Ga 0.5697(4) 0.0697(4) 0.4281(2) 0.0219(10) VUani 1 2 d S .
loop_

_atom_site_aniso_label
_atom_site_aniso U 11
_atom_site aniso U 22
_atom_site_aniso_U_33
_atom_site_aniso_U 23
_atom_site_aniso U 13
_atom_site _aniso U 12

Prl1 0.0062(8) 0.0062(8) 0.0077(11) 0.000 0.000 0.0006(11)

Ni2 0.005(2) 0.005(2) 0.004(3) 0.000 0.000 0.000

Ga3 0.0071(10) 0.0071(10) 0.0062(15) -0.0003(9) -0.0003(9) -0.0026(11)
Gal 0.0091(14) 0.0091(14) 0.008(2) 0.000 0.000 0.000

Ga2 0.0137(15) 0.0137(15) 0.009(2) 0.000 0.000 0.000

Ga4 0.0255(13) 0.0255(13) 0.0147(17) 0.0082(12) 0.0082(12) 0.0115(17)

_geom_special_details
All esds (except the esd in the dihedral angle between two I.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.

loop
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance
_geom_bond_site_symmetry 2
_geom_bond_publ_flag

Pri Gal 3.1577(13) 11_755 ?
Pri Gal 3.1577(13) . ?

Pri Gal 3.1577(13) 11_655 ?
Pri Gal 3.1577(13) 1 545 ?
Pri Ga4 3.223(3) 2_655 ?
Pri Ga4 3.223(3) . ?

Pri Ga3 3.264(3) 3 ?

Pri Ga3 3.264(3) 4 _655 ?
Pri Ga3 3.270(3) 10_665 ?
Pri Ga3 3.270(3) 9 655 ?
Pri Ga2 3.3420(19) 11_755 ?
Pri Ga2 3.3420(19) . ?

Ni2 Ga3 2.485(3) 2_655 ?
Ni2 Ga3 2.485(3) . ?

Ni2 Ga3 2.485(3) 4 655 ?
Ni2 Ga3 2.485(3) 3 ?

Ni2 Ga3 2.494(3) 12_655 ?
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Ni2 Ga3 2.49
Ni2 Ga3 2.49
Ni2 Ga3 2.49
Ga3 Ni2 2.49
Ga3 Ga3 2.59
Ga3 Gal 2.60
Ga3 Gal 2.60
Ga3 Ga3 3.00
Ga3 Ga3 3.00
Ga3 Ga3 3.00
Ga3 Ga3 3.00
Ga3 Pri 3.26
Ga3 Prl1 3.27
Gal Gaz2 2.43
Gal Ga3 2.60
Gal Ga3 2.60
Gal Ga3 2.60
Gal Ga3 2.60
Gal Prl1 3.15
Gal Pr1 3.15
Gal Pri 3.15
Ga2 Ga4 2.59
Ga2 Ga4 2.59
Ga2 Ga4 2.59
Ga2 Ga4 2.59
Ga2 Pri1 3.34
Ga2 Pri1 3.34
Ga2 Prl 3.34
Ga4 Ga4 2.51
Gad4 Ga2 2.59
Ga4 Ga2 2.59

loop_

_geom_angle
_geom_angle
_geom_angle
_geom_angle
_geom_angle
_geom_angle
_geom_angle
Gal Prl1 Gal
Gal Prl1 Gal
Gal Prl Gal
Gal Prl Gal
Gal Pri1 Gal
Gal Pri1 Gal
Gal Prl1 Ga4
Gal Prl Ga4
Gal Prl1 Ga4
Gal Prl1 Ga4
Gal Prl1 Ga4
Gal Prl1 Ga4
Gal Prl Ga4
Gal Prl1 Ga4
Gad Prl Ga4d
Gal Prl1 Ga3
Gal Prl1 Ga3

4(3) 11_665 ?
4(3) 10_665 ?
4(3) 9 655 ?
4(3) 9 655 ?
6(5) 9_655 ?
5(3) 3 ?

5(3) 9 665 ?
40(4) 12_655 ?
40(4) 11_655 ?
40(4) 11_665 ?
40(4) 12 ?

4(3) 3 ?

0(3) 9 655 ?
8(5) . ?

5(3) 4 665 ?
5(3) 10_665 ?
5(3) 9 665 ?
5(3) 3 ?

77(13) 11_765 ?
77(13) 1565 ?
77(13) 11_665 ?
7(3) 12_665 ?
7(3) 1.565 ?
7(3) 2655 ?
7(3) 11_665 ?
20(19) 11_765 ?
20(19) 1_565 ?
20(19) 11_665 ?
8(6) 9 656 ?
7(3) 11_655 ?
7(3) 1.545 ?

_atom_site label_1
_atom_site_label 2
_atom_site_ label 3

site_symmetry 1
site_symmetry 3
 publ_flag

84.55(4) 11 755 . ?

144.10(14) 11_755 11 655 ?

84.55(4) . 11 655 ?
84.55(4) 11 _755 1_545 ?
144.10(14) . 1.545 ?
84.55(4) 11 _655 1_545 ?
87.22(8) 11_755 2_655 ?
87.22(8) . 2655 ?
126.22(8) 11_655 2_655 ?
126.22(8) 1_545 2_655 ?
126.22(8) 11 755 . ?
126.22(8) . . ?
87.22(8) 11 655 . ?
87.22(8) 1.545 . ?
56.76(14) 2 655 . ?
101.68(8) 11 755 3 ?
47.84(6) . 3 ?
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Gal Prl Ga3 47.84(6) 11_655
Gal Prl Ga3 101.68(8) 1_545
Ga4 Prl Ga3 132.00(5) 2_655
Ga4 Prl Ga3 132.00(6) . 3 ?
Gal Prl Ga3 47.84(6) 11_755 4_655 ?
Gal Prl Ga3 101.68(8) . 4 655 ?

Gal Prl Ga3 101.68(8) 11 655 4 655 ?
Gal Prl Ga3 47.84(6) 1_545 4 655 ?

Gad4 Prl Ga3 132.00(5) 2_655 4_655 ?
Gad4 Prl Ga3 132.00(5) . 4 655 2

Ga3 Prl Ga3 80.99(10) 3 4 655 ?

Gal Prl Ga3 47.78(6) 11_755 10_665 ?
Gal Prl Ga3 47.78(6) . 10_665 ?

Gal Prl Ga3 101.77(8) 11_655 10_665 ?
Gal Prl Ga3 101.77(8) 1_545 10_665 ?
Gad4 Prl Ga3 110.99(8) 2_655 10_665 ?
Ga4 Prl Ga3 167.76(9) . 10 665 ?

Ga3 Prl Ga3 54.75(4) 3 10_665 ?

Ga3 Prl Ga3 54.75(4) 4_655 10_665 ?
Gal Prl Ga3 101.77(8) 11_755 9 655 ?
Gal Prl Ga3 101.77(8) . 9 655 ?

Gal Prl Ga3 47.78(6) 11_655 9 655 ?
Gal Prl Ga3 47.78(6) 1_545 9 655 ?

Gad4 Prl Ga3 167.76(9) 2_655 9_655 ?
Gad4 Prl Ga3 110.99(8) . 9 655 ?

Ga3 Prl Ga3 54.75(4) 3 9 655 ?

Ga3 Prl Ga3 54.75(4) 4_655 9 655 ?

Ga3 Prl Ga3 81.25(10) 10_665 9_655 ?
Gal Prl Ga2 43.94(9) 11 755 11 755 ?
Gal Prl Ga2 97.76(3) . 11 755 ?

Gal Prl Ga2 171.96(11) 11_655 11 755 ?
Gal Prl Ga2 97.76(3) 1 545 11 755 ?
Gad4 Prl Ga2 46.55(6) 2_655 11_755 ?
Ga4 Prl Ga2 85.22(9) . 11 755 7

Ga3 Prl Ga2 138.24(5) 3 11_755 ?

Ga3 Prl Ga2 85.44(6) 4_655 11 755 ?
Ga3 Prl Ga2 85.34(6) 10_665 11_755 ?
Ga3 Prl Ga2 138.28(5) 9 655 11 _755 ?
Gal Prl Ga2 97.76(3) 11_755 . ?

Gal Prl Ga2 43.94(9) . . ?

Gal Prl Ga2 97.76(3) 11 655 . ?

Gal Prl Ga2 171.96(11) 1 545 . ?

Gad4 Prl Ga2 46.55(6) 2_655 . ?
Gad4 Prl Ga2 85.22(9) . . ?

Ga3 Prl Ga2 85.44(6) 3 . ?

Ga3 Prl Ga2 138.24(5) 4_655 .
Ga3 Prl Ga2 85.34(6) 10 _665 .
Ga3 Prl Ga2 138.28(5) 9 655 .
Ga2 Prl Ga2 78.93(5) 11_755 .
Ga3 Ni2 Ga3 117.03(12) 2.655 . ?
Ga3 Ni2 Ga3 105.83(5) 2 655 4 655 ?
Ga3 Ni2 Ga3 105.83(5) - 4 655 2

Ga3 Ni2 Ga3 105.83(5) 2_655 3 ?

Ga3 Ni2 Ga3 105.83(6) . 3 7

Ga3 Ni2 Ga3 117.02(12) 4 655 3 ?
Ga3 Ni2 Ga3 74.22(5) 2_655 12_655 ?
Ga3 Ni2 Ga3 74.22(5) . 12 655 ?

W ww
NN N

N ) ) N
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Ga3 Ni2

Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3

Ga3 Ni2

Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ni2
Ni2
Ni2
Ni2
Ni2
Ga3
Ni2
Ni2
Ga3
Gal
Ni2
Ni2
Ga3
Gal
Gal
Ni2
Ni2
Ga3
Gal
Gal
Ga3
Ni2
Ni2
Ga3
Gal
Gal
Ga3
Ga3
Ni2
Ni2
Ga3
Gal
Gal
Ga3
Ga3
Ga3
Ni2

Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ni2
Ga3
Ga3
Gal
Gal
Gal
Gal
Gal
Gal
Gal
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Ga3
Pri

62.86(10) 4 655 12 655 ?
179.88(8) 3 12 655 ?
74.22(5) 2_655 11 _665 ?
74.22(5) . 11_665 ?
179.88(8) 4_655 11_665 ?
62.86(10) 3 11_665 ?
117.26(12) 12_655 11_665 ?
62.86(10) 2_655 10_665 ?
179.88(8) . 10 665 ?
74.22(5) 4_655 10_665 ?
74.22(5) 3 10_665 ?
105.72(5) 12_655 10_665 ?
105.72(5) 11_665 10_665 ?
179.88(8) 2_655 9 655 ?
62.86(10) . 9 655 ?
74.22(5) 4 655 9 655 ?
74.22(5) 3 9 655 ?
105.72(5) 12_655 9 655 ?
105.72(5) 11_665 9 655 ?
117.26(12) 10_665 9 655 ?
117.14(10) . 9 655 ?
58.73(10) . 9 655 ?
58.41(10) 9 655 9 655 ?
107.70(8) . 3 ?
107.45(8) 9 655 3 ?
125.38(8) 9_655 3 ?
107.70(8) . 9 665 ?
107.45(8) 9_655 9_6
125.38(8) 9 _655 9_6
109.23(16) 3 9_665
53.02(7) . 12_655 ?
127.04(5) 9 655 12 655 ?
90.15(8) 9 _655 12 655 ?
54.80(4) 3 12_655 ?
125.39(11) 9 665 12_655 ?
127.19(5) . 11 _655 ?
52.76(7) 9_655 11 655 ?
89.85(8) 9 _655 11 _655 ?
54.80(4) 3 11_655 ?
125.02(11) 9 665 11_655 ?
90.0 12 655 11_655 ?
53.02(7) . 11_665 ?
127.04(5) 9 655 11_665 ?
90.15(8) 9 _655 11 _665 ?
125.39(11) 3 11 _665 ?
54.80(4) 9 665 11 _665 ?
90.27(14) 12 655 11_665 ?
179.73(15) 11_655 11_665 ?
127.19(5) . 12 ?

52.76(7) 9_655 12 ?
89.85(8) 9 655 12 ?
125.02(11) 3 12 ?

54.80(4) 9 _665 12 ?
179.73(15) 12_655 12 ?
89.73(14) 11_655 12 ?

90.0 11 665 12 ?

80.99(7) . 3 ?

65 ?
65 ?
?
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Ni2 Ga3 Prl 161.86(10) 9 655 3 ?

Ga3 Ga3 Prl1 139.72(16) 9 655 3 ?

Gal Ga3 Prl1 63.95(7) 3 3 ?

Gal Ga3 Prl 63.95(7) 9 665 3 ?

Ga3 Ga3 Prl1 62.74(6) 12_655 3 ?

Ga3 Ga3 Pr1 117.40(3) 11_655 3 ?

Ga3 Ga3 Prl 62.74(6) 11 665 3 ?

Ga3 Ga3 Prl 117.40(3) 12 3 ?

Ni2 Ga3 Prl1 162.11(11) . 9 655 2

Ni2 Ga3 Prl 80.74(7) 9_655 9 655 ?
Ga3 Ga3 Prl1 139.16(16) 9 655 9 655 ?
Gal Ga3 Prl1 63.85(7) 3 9 655 ?

Gal Ga3 Prl1 63.85(7) 9.665 9 655 ?
Ga3 Ga3 Pr1 117.34(3) 12_655 9_655 ?
Ga3 Ga3 Prl1 62.52(6) 11_655 9_655 ?
Ga3 Ga3 Prl1 117.34(3) 11_665 9_655 ?
Ga3 Ga3 Prl1 62.52(6) 12 9 655 ?

Prl Ga3 Prl 81.12(7) 3 9 655 ?

Ga2 Gal Ga3 125.38(8) . 4 665 ?

Ga2 Gal Ga3 125.38(8) . 10_665 ?

Ga3 Gal Ga3 70.41(8) 4_665 10_665 ?
Ga2 Gal Ga3 125.38(8) . 9 665 ?

Ga3 Gal Ga3 70.41(8) 4_665 9 665 ?
Ga3 Gal Ga3 109.23(16) 10_665 9 665 ?
Ga2 Gal Ga3 125.38(8) . 3 ?

Ga3 Gal Ga3 109.23(16) 4 665 3 ?

Ga3 Gal Ga3 70.41(8) 10 665 3 ?

Ga3 Gal Ga3 70.41(8) 9.665 3 ?

Ga2 Gal Prl1 72.05(7) . 11 765 ?

Ga3 Gal Prl1 68.37(6) 4_665 11 _765 ?
Ga3 Gal Prl1 68.21(6) 10 665 11 765 ?
Ga3 Gal Pr1 136.73(8) 9 665 11_765 ?
Ga3 Gal Prl1 136.52(8) 3 11_765 ?

Ga2 Gal Pr1 72.05(7) . 1 565 ?

Ga3 Gal Prl 68.21(6) 4_665 1 _565 ?
Ga3 Gal Prl1 136.52(8) 10 665 1 565 ?
Ga3 Gal Prl1 68.37(6) 9_665 1_565 ?
Ga3 Gal Pr1 136.73(8) 3 1_565 ?

Prl Gal Prl 84.55(4) 11 765 1_565 ?
Ga2 Gal Pr1 72.05(7) . . ?

Ga3 Gal Prl 136.73(8) 4 665 . ?

Ga3 Gal Prl1 68.36(6) 10 665 . ?

Ga3 Gal Prl1 136.52(8) 9 665 . ?

Ga3 Gal Prl1 68.21(6) 3 . ?

Prli Gal Prl 84.55(4) 11 _765 . ?

Prli Gal Prl 144.10(14) 1. 565 . ?

Ga2 Gal Prl 72.05(7) . 11 665 ?

Ga3 Gal Prl1 136.52(8) 4_665 11 665 ?
Ga3 Gal Prl1 136.73(8) 10_665 11 _665 ?
Ga3 Gal Prl1 68.21(6) 9 _665 11 665 ?
Ga3 Gal Prl 68.36(6) 3 11 665 ?

Prl Gal Pr1 144.10(14) 11 _765 11 665 ?
Prli Gal Prl 84.55(4) 1 565 11 665 ?
Prli Gal Prl 84.55(4) . 11 665 ?

Gal Ga2 Ga4 121.88(9) . 12 665 ?

Gal Ga2 Ga4 121.88(9) . 1.565 ?

Gad4 Ga2 Gad4 73.81(9) 12_665 1_565 ?
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Gal
Ga4
Ga4
Gal
Gad
Ga4d
Ga4
Gal
Gad
Ga4d
Ga4d
Ga4
Gal
Gad
Ga4d
Ga4d
Ga4
Pri
Gal
Ga4d
Ga4
Ga4
Gad
Pri
Pri
Gal
Ga4
Gad
Gad
Ga4d
Pri
Pri
Pri
Ga4d
Ga4d
Gaz2
Gad
Ga2
Ga2

Ga2
Gaz2
Gaz2
Gaz2
Ga2
Ga2
Gaz2
Ga2
Ga2
Ga2
Ga2
Gaz2
Ga2
Ga2
Ga2
Ga2
Gaz2
Ga2
Ga2
Ga2
Ga2
Ga2
Ga2
Ga2
Ga2
Ga2
Gaz2
Ga2
Ga2
Ga2
Gaz2
Ga2
Ga2
Ga4d
Ga4d
Ga4
Gad
Ga4d
Ga4d

Ga4d
Ga4d
Ga4
Ga4
Gad
Ga4d
Ga4
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Pri
Ga2
Ga2
Gaz2
Pri
Pri
Pri

121.88(9) . 2_655 ?
73.81(9) 12 665 2_655 ?
116.24(19) 1 565 2_655 ?
121.88(9) . 11_665 ?

116.25(19) 12 665 11 665 ?

73.81(9) 1 565 11_665 ?
73.81(9) 2 655 11_665 ?
64.01(7) . 11_765 ?
64.32(7) 12_665 11 _765 ?
127.33(8) 1_565 11 765 ?
81.74(7) 2_655 11_765 ?
153.67(9) 11_665 11_765 ?
64_.01(7) . 1 565 ?
81.74(7) 12 665 1 565 ?
64.32(7) 1._565 1 _565 ?
153.67(9) 2_655 1_565 ?
127.33(8) 11_665 1_565 ?
78.93(5) 11 765 1 565 ?
64.01(7) . . ?

127.33(8) 12.665 . ?
153.67(9) 1.565 . ?
64.32(7) 2655 . ?
81.74(7) 11 _665 . ?
78.93(5) 11 _765 . ?
128.02(13) 1.565 . ?
64.01(7) . 11_665 ?
153.67(9) 12_665 11_665 ?
81.74(7) 1_565 11 _665 ?
127.33(8) 2 655 11_665 ?
64.32(7) 11_665 11_665 ?

128.02(13) 11_765 11_665 ?

78.93(5) 1 565 11 665 ?
78.93(5) . 11_665 ?
111.03(14) 9 656 11_655 ?
111.03(14) 9_656 1_545 ?
109.77(18) 11_655 1_545 ?
179.7(3) 9656 . ?
69.13(9) 11 655 . ?
69.13(9) 1545 . ?

_diffrn_measured_fraction_theta max
_diffrn_reflns_theta_full
_diffrn_measured_fraction_theta_full
_refine_diff_density_max 4._.359
_refine_diff _density min -2.889
_refine_diff_density_rms 0.687

0.896
27.89
0.896
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