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ABSTRACT

EXPLORATORY SYNTHESIS OF COMPLEX INTERMETALLIC TETRELIDES

AND ANTIMONIDES USING LIQUID ALUMINUM AS A SOLVENT

By

Xiuni Wu

The metal flux method has been recently suggested as a preparative tool to

synthesize intermetallic compounds. Our group initiated the investigations on the

quaternary systems RE/TM/Al/Tr (RE = rare earth metal, TM = transition metal, Tr =

tetrelide) using Al as a flux. In this dissertation we employed the Al flux to study the

systems RE/Au/Al/Ge, TM/Al/Tr, RE/Ni/Al and RE/Al/Sb aiming at discovering new

materials with interesting physical properties.

We extended the studies involving first row transition metals to the third row

transition metals such as Au. Our exploratory investigations led to the discovery of two

quaternary families REAuAl4Gez and REAuAl4(AuxGel-x)2, the structures of which are

related and both can be represented as alternating stacking of RE layers and AuAl4Ge2 (or

AuA14(AuxGe1-x)2) slabs along the c-axis.

By studying the ternary systems TM/Al/Tr (TM = V, Co) in liquid aluminum, we

obtained new ternary compounds V2A15Ges, C019A1458im.x (x = 0.13) and CosAlMSiz.

The structure of VzAlsGes features pentagonal columns composed of Al and Ge atoms

with the V atoms forming a long-short alternating chain residing in the center of the

column. Both C019A145$iuh (x = 0.13) and CosAIMSiz show exceptionally complex

structures and large unit cells. C05A114Si2 shows interesting thermal oxidation resistance

up to 1000°C which is due to the formation of an A1203 layer on the surface of the

crystals.
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The ternary compounds Yb3Ni5A119 and YbHNi3A139, are particularly interesting

due to their unusual physical properties such as mixed valence and metamagnetic

transition. The thermal expansion properties of Yb3Ni5Allg as well as the magnetic

properties with substitutions of Ni by the other transition metals (e. g. Mn, Fe and Cu)

were studied. During the study of substituting Ni by Fe, we discovered a new quaternary

compound YbNi2-xFexAlg. Both magnetic properties and Mossbauer spectra show that

the Fe atoms do not carry a magnetic moment. Temperature dependent magnetic

susceptibility indicates that the Yb atoms are in intermediate oxidation state.

During the investigations of the system Yb/Al/Sb, we isolated two new Zintl

phases Yb3Ale3 and Yb9A13Sb9 from molten Al, among which Yb3Ale3 is the more

thermodynamically stable form. These two compounds exhibit related structure types

with the Ale4 tetrahedral unit as the common feature, and the Yb ions are in divalent

oxidation state.
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CHAPTER ONE

Introduction

1-1. Introduction to Intermetallics

Solid state chemistry has been growing rapidly since 19505 as scientists realized

the importance of solid state materials in advanced technology in a higher level. The

applications of these materials span a wide range of fields from microelectronics,

communication, information, energy conversion and storage, construction, electronic

packaging to domestic and advanced ceramics. '

Solid state chemistry is focused on the design, synthesis and structural

determination of new materials and characterization of their physical properties.

Intermetallics are one of the oldest class of materials in solid state chemistry and have

aroused great interest in materials science and technology due to their mechanical

strength and high temperature performance. For example, the oxidation resistance and

high temperature strength of iron and nickel aluminides make these materials attractive

candidates in industries including steel, chemicals and petroleum.2 Back to BC. 1600,

intermetallics already got extensive use due to their remarkable hardness and wearing

resistance. The bronze mirrors (e.g. composition Cu3ISn3) were used by the ancient

Chinese and Romans; the amalgam (CuaHg3, Anggg) found applications as dental

restorative materials in ancient Germany and China.3 Intensive scientific work on

intermetallics emerged in 19005, initiated by Tammann in Germany and Kurnakov in

Russia.4 Since then a wide variety of intermetallic compounds were discovered; their

crystal structure and properties including mechanical and magnetic properties were

studied. In 19505, more activities aroused investigating intermetallics as high
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temperature structural materials. One of the most extensively studied examples is MoSiz:

its excellent oxidation resistance, high melting point, relatively low density, and high

thermal conductivity found itself an attractive material in advanced engine applications.5

Considerable success had also been achieved on some transition metal aluminides. These

materials, such as TiAl, are of intense interest to the gas turbine and aircraft engine

industries, where their high temperature properties and low density offer prospects for

tremendous weight savings.6 In 1961, Nitinol, which stands for Nickel Titanium Naval

Ordnance Laboratory, discovered that some Ni-Ti alloys after being strained, could revert

back to their original shape at a certain temperature. These materials are called “shape

memory alloys”, and they have been applied to different fields such as aeronautical

applications and surgical tools. The most effective and widely used alloys are NiTi,

CuZnAl and CuAlNi.7 Another equally important discovery during this period was a

large family of superconducting binary phases with A15 structure type, 8 such as V3Si,

which is a superconductor with critical temperature as high as 17 K.9 Since then, the

crystal structures, electronic structures and superconducting properties of these binary

intermetallics were extensively studied. 10

Over the past twenty years, there have been considerable advances into the

understanding of the structure and behavior of intermetallic compounds. A more recent

example is exhibited by the superconducting quaternary intermetallic LnNi2B2C (Ln =

Lu, Tm, Er, Ho, Y) with critical temperature Tc up to 16.6 K.11 The discovery of

superconducting LnNiszC has motivated intensive experimental work on these complex

intermetallic systems. In 2001, Mng, a simple binary intermetallic compound

discovered half an century ago,12 was found to be a superconductor, with a surprising
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high critical temperature — 39 K. 13 This discovery stimulated a great interest in

intermetallics, not only the development of new materials, but also the reinvestigation of

some known compounds. Rare earth-containing intermetallics have become the subject

of extensive study due to their special behaviors such as the valence fluctuations, heavy

fermion and Kondo-lattice behavior, which originate from the interaction between the

highly correlated f electrons and delocalized conduction electrons.l4 Such phenomena of

intermetallics will be discussed in detail in the following context.

1-2. Crystal Structure and Basic Properties of Intermetallics

According to the definition from Schulze, intermetallics are a branch of alloys

that contain two or more metals resulting in crystal structures different from those of the

constitutional elements.15 Under certain conditions, one metal diffuses into another via

crystal vacancies made available by defects, mechanical stress or grain boundaries to

form alloys. Alloys may be homogeneous solid solutions or intermetallics. In solid

solutions, the atoms of one metal are distributed randomly among the atoms of the other.

They do not have specific chemical formula, and the best way to describe them is based

on a main metal with a certain percentage of other metals added in. For example, a

popular stainless steel, has the composition Fe-18%Cr-8%Ni. Different from solid

solutions, intermetallics have definite crystal structures and specific formula. While

constitutional metals are different in atomic size or electronegativity or the number of

valence electrons, intermetallic compounds tend to form instead of solid solutions. Given

that many intermetallics are formed due to the size effect or are electron compounds (in

which the crystal structure types are related to particular valence electron concentrations),
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they do not follow the valency rule. In intermetallics, atoms are preferentially

surrounded by different kinds of atoms; not only metallic bonding, covalent and even

ionic bonding can also be found. It is the strong bonding between different atoms that

contributes to the excellent mechanical properties of intermetallic materials.

Intermetallics are comprised of a huge variety of compounds that differ greatly in

crystal structure, bonding, and properties. However there are some basic properties that

can be observed more or less in intermetallics: high melting point, high hardness, wear

resistance and good oxidation resistance. That is why many have found applications as

surface protecting materials. On the other hand, intermetallics are brittle materials, which

makes processing difficult and it is one of the main challenges for the application of

intermetallics in metallurgy.

1-3. Manipulation of Metal Flux to Synthesize Intermetallics

The melting points of most transition metals, rare earth metals and some main

group elements are typically over 1000 °C. For example, the melting point of Ni is 1455

°C, Fe 1538 °C, Nd 1024 °C, S1 1414 °C. In order to achieve enough diffusion between

the solid metals, synthesis of intermetallics usually requires high temperature techniques

to overcome the energy barrier. Conventionally, high-power equipment such as arc-

welder and radio-frequency reduction fiimace has been used for the synthesis of

intermetallic compounds.

In the past two decades, a new method to synthesize intermetallics, which is

called combustion synthesis, has attracted considerable attention due to its unique

characteristics.'6 In this process, the metal powders are mixed and pressed in the form of
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cylindrical pellets. The pellets are ignited through an electrical coil or a laser beam. If

the combinations of thermochemical and therrnophysical properties are appropriate, a

high temperature reaction front is initiated (1500-3500 °C) which then propagates

through the reactants. ‘7 However, the reactions may not be completed with various

intermediate phases; meanwhile the products formed are generally porous. '8

For the high temperature techniques discussed above, there are two important

limitations. Firstly, thermodynamically stable phases, which are usually simple known

binary compounds, tend to form from these reactions. These phases are too stable to

avoid and they hinder the formation of kinetically stable phases. Secondly, the reaction

occurs too fast to allow single crystals to grow, so polycrystalline products are often

formed. Obviously, the polycrystalline form of the materials limits their structural

determinations. In addition, polycrystalline samples do not have the other chief merits of

single crystals, including uniformity of composition, anisotropy, and the absence of

boundaries between individual grains.

Sometimes extended annealing at high temperatures facilitates the growth of

single crystals. However even then the crystals may not be large enough for desired

properties measurements. Some other methods, such as floating-Zone, Czochralski and

Bridgman growth methods are often employed to obtain single crystals of intermetallics.

However, these techniques are suitable only when the material is congruently melting;

and the temperature needed to melt the sample may also be inconveniently high. Under

such circumstances other techniques are necessary to grow single crystals of

intermetallics.
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Molten metal flux synthesis is such a technique that single crystals can be grown

at relatively low temperatures. An excess amount of a metal is used as a high

temperature solvent in which the crystals grow freely in a non-constrained fashion. By

choosing'an appropriate metal, we can run the reaction at a temperature much lower than

the melting point of the constitutional metals. As is well known, low temperature

reactions are likely to produce new kinetically stable compounds. Half a century ago,

people found that this metal flux method was particularly useful to synthesize single

crystals of borides and carbides due to their extremely high melting points (e.g. T182

2800 °C, TaC098 3983 °C).'9 Rowcliffe and Warren were able to grow 2mm single

crystals of TaCogr, by combining Ta and C in iron solutionzo; SiC, one of the most

intensively studied crystals with potential applications in many fields, has been prepared

from several metal solutions such as Si/Fe, Si/Ag and Si/N1.2'

For a metal to be suitable as a flux, several key conditions have to be met. First,

the candidate metal should melt at reasonably low temperature; obviously high

temperatures are not convenient with respect to the instrument required. Second, the

other constituents have to be considerably soluble in this metal solvent; and the solvent

should not react with the solute to form stable binary phases, which might prevent the

formation of the desired product. Finally the excess metal can be easily removed by

chemical or physical methods. Based on the criteria mentioned above, inspection of the

periodic table reveals that the group III elements (Al, Ga, In), Sn, Pb, Bi and Zn appear to

be excellent candidates for the high temperature solvents. Indeed, Al, Ga, In, Sn and Zn

fluxes have been actively studied by several research groups including the Kanatzidis
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group, the Kauzlarich group, the Chan group, the Jeitschko group and the Pdttgen group,

and a great progress has been made to synthesize new intermetallic compounds.22'23’24'25

1-4. Rationale for Al Flux Synthesis

Aluminides may be one of the most common groups of intermetallic compounds;

they are considered as emerging materials due to their high specific mechanical

26 An alternative way to synthesize intermetallic aluminides is utilizingproperties.

aluminum as a metal flux, since aluminum tends to serve as a reactive solvent. Based on

the conditions for metal flux discussed above, aluminum appears to be an attractive

candidate for high temperature solvent. First, aluminum has reasonably low melting

point (660 °C) and very high boiling point (2792 °C). The difference between its boiling

point and melting point is almost 2000 °C, so Al can stay in its liquid form over a wide

range of temperatures. Second, inspection of the Al-containing alloy phase diagram

immediately reveals that many transition metals such as Cu, Fe and Ni, and main group

elements such as Si, Ge and Sb are considerably soluble in liquid aluminum. Third, we

can easily find appropriate containers for aluminum flux reactions, such as alumina

crucible or graphite tube. Fourth, excess aluminum can be removed either via spin-off

above 660 °C or etching away by simply reacting it with a base solution (e.g. NaOH)

which attacks the desired product at a much slower rate. Finally, what makes aluminum

distinct from the other metal flux candidates is its reducing ability which has been seen

not only from the well-known therrnite reaction in which FezO3 is reduced to Fe by Al,

but also from reducing more complicated oxides such as perovskites MTiO; (M = Ca, Sr,

Ba) to intermetallic compounds including M3Au6+xAlz6Ti.27
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Aluminum has been known as an effective solvent for the synthesis of binary and

ternary intermetallics for a few decades. Back to 19705, some Japanese groups started to

utilize aluminum flux to synthesize single crystals of binary boron-rich compounds, such

as LaB6, 28 VB2, 29 Cr3B4 30 and TiBz 3 I . Single crystal X-ray diffraction, transport

properties and oxidation resistance were studied on these compounds. Interestingly, most

of the work focused on the early transition metals and Al was serving as a non-reactive

solvent. A few ternary examples were also reported, such as WAlB32 and YbAlB4.33 The

optimum temperature for these reactions is about 1500 °C, much lower than the melting

point ofboron which is 2300 °C.

About one decade ago, Jeitschko and his coworkers started to examine the

systems RE/TM/Al (RE = rare earth metal, TM = transition metal) in liquid aluminum

4 . . .

3 Senes of new ternary famrlres wereenvironment and had made a great success.

discovered, which suggests a rich chemistry provided by liquid Al in these systems. For

example, the family RETMzAllo (TM = Mn, Fe, Ru, Os and Re) has a homogeneous

composition, while different reaction conditions led to the discovery of four different

crystal structure types. REanAIm (RE = Y, La-Nd, Sm, Gd-Dy) and RERezAllo (RE =

Ce, Pr, Sm) crystallize in tetragonal CaCrzAllo structure type;35 RETM2A110(RE = Y, La-

Nd, Sm, Gd-Lu and TM = Fe, Ru, 05) have the orthorhombic YbFezAllo structure type;36

GdRezAllo and TbRezAllo, crystallize with a stacking variant of the YbFezAllo type

structure?7 RERezAlro (RE = Ho-Lu) form in a new structure type and may be considered

as another variant of YbFe2A110.35“ It is noteworthy that Al tends to be a reactive solvent

in these systems and almost all the compounds are Al-rich.
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Recently our group initiated exploratory studies on the systems RE/Al/Tr and

RE/TM/Al/Tr (RE = rare earth metal, TM = first row late transition metal, Tr = Si, Ge),

and have achieved a great success in this field.38 Although Si and Ge are on the border

line of metals and nonmetals, silicides and gennanides are usually regarded as

intermetallics because of their similar characteristics and generally metallic properties.

These systems are of particular interest for several reasons. First, both Si and Ge are

soluble in liquid Al, and they do not form stable binary compounds according to Al-Si

and Al-Ge alloy phase diagram. Second, the quaternary system RE/TM/Al/Tr, which has

never been investigated before, imposes challenges to the aluminum flux. If quaternary

compounds do form, they would be of fundamental interest in solid state chemistry from

the crystal structures as well as physical properties point of view. Third, the

incorporation of a tetrelide especially Si into the system, may contribute to the refiactory

properties of the material. Silicides are well known for their high hardness, high

”‘40 with MoSi2 as the most famous example.”chemical stability and oxidation resistance

42 Thus they can be used in technological applications such as high temperature wear and

corrosion resistant coatings and thermoelectric energy conversion.43‘44’4S Finally, the rare

earth-containing intermetallics display various interesting physical properties such as

mixed valency, 46 Kondo lattice behavior,47 spin fluctuations 48 and heavy fermion 49,

which are strongly correlated to the electronic structure and position of the 4f electron

level with respect to the Fermi energy.

It was observed that Al can serve as a reactive solvent. It can dissolve Si (or Ge)

along with other metals to produce new quaternary intermerallic compounds such as

Sm2Ni(NixSi1-x)Al4Si6 (x = 0.18-0.27),38 YNiAl4Ge2,38 alarm/117,518 (Re = Ce, Pr,
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Nd, 5m),50 RE3R012A149319(AIx8112-x) (RE = Pr, Nd, Sm, Gd, Tb, hr),38 and RE2MA16814

(RE = Gd, Tb, Dy; M = Au, Pt).5 1 Compounds with such complicated formulas are very

unfamiliar to solid state chemists and obviously it is almost impossible to predict or

design these compounds. However their single crystal form can be obtained from Al flux

and relatively easily characterized. In this sense, exploratory synthesis employing Al as

the flux is a great way to discover novel intermetallic materials.

The achievements of exploratory synthesis in liquid aluminum including the first

and second row transition metals stimulated us to investigate the third row transition

metals. Gold is of particular interest not only because it is very reactive in liquid

aluminum, but gold-aluminum alloys have found applications in electronic devices.52 The

exploratory synthesis comprising of a rare earth metal, gold and silicon in Al flux

resulted in a number of new phases such as the Th2(AuxSi1-x)[AuAl2]nSi2 homologous

series,38 REAu4Algsi, 53 RE2AuAl(r,Si444 and REAu3A17.54 These compounds feature

hexagonal antifluorite-type slabs which can be regarded as fragments of the bulk AuAl2

structure. In the present work, the study of the Au system in liquid Al was extended to

Ge instead of Si. Ge is similar as Si in many aspects: they belong to the same group

exhibiting similar electronic structure; both are soluble in liquid Al and do not form

stable binary phases with Al. Bradley Sieve, a former group member, had studied the

systems RE/TM/Al/Si(Ge) systematically, and he indeed found parallel chemistry

between Si and Ge with both systems tending to form quaternary compounds. For

example, RE2-,,TMA14Tr2(All-yTry)(A11-zTrz)2 (RE = Sm, Dy, Er; TM = Ni, Co; Tr = Si,

Ge) can be formed with both Si and Ge,” when the reaction ratio between the rare earth

metal to transition metal is smaller than 1. The RE-rich family RE2Ni(NixSi.-x)Al4Si6

10
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(RE = Pr, Nd, Sm, Gd, Dy, Tb) was found as well as their isostructral Ge analogue

Sm2Co(Co,,Al1.,,)A14Ge6.y.55 When the transition metal was changed to the earlier ones

such as Mn and Fe, the results led to the discovery of RE4TM2+XA17-xSig (RE = Ce, Pr,

Nd, Sm; TM = Mn, Fe),50 while isostructural Ge-analogues have not been found so far.

By studying the system RE/Au/Al/Ge systematically, we expect to obtain more

information on the reaction pattern of A1 with tetrelides (Si, Ge); on the other hand, these

studies may help us to compare the chemistry between first row and third row transition

metals in these systems. Chapter 2 presents two new quaternary families discovered in

the system RE/Au/Al/Ge: REAuAl4Ge2 (RE = Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm

and Yb) and REAuAl4(AuxGe1-x)2 (x = 0.4) (RE = Ce and Eu). The synthesis, single

crystal X-ray diffraction and magnetic measurements will be described in this

dissertation.

So far most of the work described here has focused on rare earth-containing

intermetallics because of the interesting physical phenomena described previously. The

systems TM-Al-Si(Ge) (TM = transition metal) are also of great importance in the field

of material science and metallurgy. Extensive research has been done on the applications

of these ternary materials as high temperature structural materials,56 protective coatings,57

thermoelectric power conversion,58 and soft magnetic thin films and magnetic sheets.59

In spite of the broad applications of these materials, there is significant lack of

information on the crystal structure and phase equilibrium of these phases. On the other

hand, since the discovery of an icosahedral phase in a rapidly quenched Al-Mn alloy,60 a

large number of quasicrystalline approximants have been found to occur in the Al-rich

region of the Al-TM and related ternary systems. 01-A150Mn12Si7 is a well-known

11
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prototype of an approximant crystalline phase presenting Mackay-type clusters. 6'

Mn14A156+,,Ge3.x (x = 0 - 0.6) was recently reported by Wu and $60, which shows a

unique partially destroyed Mackay icosahedra that retain the icosahedral symmetry only

in half of the individual polyhedra.62 In this work Chapter 3 presents the results of

investigations on the ternary system V/Al/Ge using Al as the flux. To the best of our

knowledge, past explorations of this system using high temperature direct combination

techniques only yielded pseudo-binary phases V3Al()_x)Gex which belong to the A15

63 We obtained a new ternary phase V2A15Ge5 from liquid aluminumstructure type.

which crystallizes in a new structure type. Chapter 4 explores the system Co/Al/Si by

using molten A1 as a flux. German has made a tentative study on this system, and found

five phases though only two of them were structurally characterized.“ In our own study

of this system in liquid Al, we found two complex phases in the Al-rich comer of this

ternary system — ColgAlsssim.x (x = 0.13) and C05A114Si2. In Chapter 4, the crystal

structures and physicochemical properties of these two phases are described.

Chapters 5 and 6 include studies on the Yb-containing intermetallics. Due to the

electronic transition between Yb2+ and Yb3+ ions, Yb-containing compounds can exhibit

interesting behaviors such as mixed valence,65 Kondo-lattice behavior,66 heavy fermion67

and negative thermal expansion.68 Although Yb (4fl3—4fl4) can be regarded as hole-

electron analogue of Ce (4tl-4f0), the studies of Ce compounds are far more extensive

than those of Yb compounds. One of the main reasons might be that it is relatively more

difficult to synthesize Yb-containing intermetallics due to the high vapor pressure of Yb

metal. Our studies in the system Yb/Ni/Al in liquid Al not only led to the discovery of

12
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ternary phases such as YbHNi3Algg and Yb3Ni5A119, we also found we might be able to

modify the magnetic states of Yb ions in Yb3Ni5A119 by applying chemical pressure.

Chapter 6 deals with the work when we extended the tetrelides (Si, Ge) to Group

V element —— Sb. There has been increasing interest on the Zintl phases composed of an

alkaline earth metal (Ca, Sr, Ba) or rare earth metal (Eu, Yb), a transition metal (Mn, Zn)

or a group 13 element (Al, Ga, In) and a pnicogen element (P, As, Sb, Bi). In the 9-4—9

family, Agzn4+xPn9 (x = 0 for A: Yb, Pn = Bi, x = 0.5 for A = Ca & Yb, Pn = Sb), the

discovery of mixed valence of Yb in ngZn4Bi9 69 and extra Zn component in

Agzm58b970 opens the opportunity to reexamine the parental compound Cagszig. In

the 14-1-11 family, Eu14MnSbH shows colossal magnetoresistance effects; 7' while

EuMMnBi“ orders antiferromagnetically and shows a large negative magnetoresistance.72

The single crystals used for structural characterization and physical properties

measurements in most of these systems, were obtained from Sn flux. Here our studies on

the Yb/Al/Sb system using Al as the flux led to the discovery of two new valence-precise

phases: ngAthg and Yb3Ale3. Although these two compounds have the same

stoichiometry, they belong to different structure types and show different chemical and

physical behaviors. Our work indicates that Al is a reactive flux in the synthesis of

antimonides and this study might be extended to the quaternary systems RE/TM/Al/Sb.

1-5. Experimental Techniques

All the reagents including rare earth metal, transition metal, aluminum, tetrelides

and antimony were stored and handled in a nitrogen-filled dry box. Usually a ten-fold

excess amount of Al was used. Since the rare earth metal and Al will attack the silica

13
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tube at high temperatures, an inert container such as alumina crucible had to be used.

The mixtures were combined into alumina crucibles which were put into silica tubes

(13mm in diameter). The silica ampoules were then flame-sealed under the vacuum of

10'4 Torr to avoid oxygen contamination.
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Figure 1-1. A typical temperature heating profile used for Al flux synthesis.

The samples were then subjected to heat treatment. A typical heating profile used

for Al flux synthesis is shown in Figure 1-1. The system was brought to a temperature

higher than the melting point of Al metal and kept at this temperature for some time to

ensure homogeneous melting of the constituents in liquid A1. Subsequently the system

was slowly cooled to a temperature lower than the melting point of Al metal (here 500

°C). During the slow-cooling stage, the solution became supersaturated so that crystals

could grow out. Finally the system was quickly brought down to room temperature.

After the reaction, the products were usually embedded in a Al matrix. To get rid of

excess Al, either a physical or chemical method can be utilized. Since Al melts at 660

14
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°C, the excess Al can be removed via centrifuge at temperatures higher than 660 °C.

However this method is more applicable to Ga, In and Sn fluxes which have much lower

melting point, since taking the samples out at as high as 700 °C is dangerous and

impracticable. On the contrary, the chemical way to remove Al is much easier and more

convenient: the product was treated with 5M NaOH solution overnight at room

temperature. During this process, Al reacted with NaOH solution by this reaction:

2A1 + 2NaOH + 2H20 —> 2NaAlo2 + 311:

And the products were attacked by NaOH solution at a much slower rate. Dilute HCl

solution is another way to get rid of excess Al; however some crystals are too vulnerable

to stand acid solution, therefore for isolation of Al flux reactions, NaOH solution seems

to be the best choice. Finally the products were rinsed and dried by acetone and ether.

15
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CHAPTER TWO

REAuAl4Ge2 and REAuAl4(AuxGe1-x)2 (RE = rare earth element): New

Quaternary Intermetallics Grown from Aluminum Flux

2-1. Introduction

Recently, A1 has been suggested as a high temperature solvent for the exploratory

synthesis of new intermetallic phasesl‘z’ 3 Liquid Al facilitates the growth of large high

quality single crystals of complex intermetallic compounds, and this makes structural and

physical characterization easier and more reliable. Synthetic explorations of the system

RE/TM/Al/Si(Ge) (RE = rare earth element, TM = first row transition metal) conducted

by our former group members led to the discovery of a number of new multinary

compounds, many with novel structures and interesting magnetic and electronic

properties.4 Interestingly, this system is very effective for the late transition metals such

as Fe, Co and Ni. Moreover, both Si- and Ge-containing systems tend to form quaternary

compounds from A1 flux; sometimes isostructural analogues are obtained indicating

parallel chemistry between Si and Ge. For example, the families RE2-xTMA14Tr2(All-

yTry)(All.zTrz)2 (RE = Sm, Dy, Er; TM = Ni, Co; Tr = Si, Ge) can be formed with both Si

and Ge,5 when the reaction ratio of the rare earth metal to transition metal is smaller than

1. The rare earth-rich family RE2N1(NixSi1-x)A14Si6 (RE = Pr, Nd, Sm, Gd, Dy and Tb)

was found to be isostructural analogue of szCo(Co,,Al1.,,)A14Ge(,.y,5 although the reason

why rare earth metals Show different reaction reactivity is not clear at this point. When

the transition metal was moved to the earlier ones such as Mn and Fe, the results led to

the discovery of the novel series RE4TM2+XA17-xSi3 (RE = Ce, Pr, Nd, Sm; TM = Mn,

Fe),4 while an isostructural Ge-analogue has not been found so far.
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The results obtained with the first and second row transition metals stimulated

interest in the third row. Gold is particularly active in Al flux and has resulted in a

number of new phases such as the Th2(AuxSi1-x)[AuA12]nSi2 homologous series, 6

REAu4A138i,7 REzAUAlésl48 and REAu3,A17.9 These compounds feature hexagonal

antifluorite-type slabs which can be regarded as fragments of the bulk AuAlz structure.

REzAuA168i4 is comprised of two different layers — a CaAIZSiz-type layer and a

YNiAlaGez-type layer. The perovskites MTiO3 (M = Ca, Sr, Ba) combined with Au can

be reduced by aluminum to form quaternary compounds M3Au6+xA126Ti with a stuffed

BaHgn structure type.'0 The rich chemistry of the Si systems appears to be parallel to

Ge, but not in an identical fashion. Our systematic studies in the system RE/Au/Al/Ge

using Al as the flux led to two new quaternary families: REAuAlaGez (RE = Ce, Pr, Nd,

Sm, Eu, Gd, Tb, Dy, Er, Tm and Yb) and REAuA14(AuxGe1-x)2 (x = 0.4) (RE = Ce and

Eu). The Cu-analogue of the second family CeCuA14(CuxGe1-x)2 (x = 0.62) was obtained

when we studied the system RE/Cu/Al/Ge. In this chapter, synthesis, structural

characterization and magnetic measurements of these families are described.

242. Experimental Section

Reagents:

The following reagents were used as obtained: rare earth metal (RE = Ce, Pr, Nd,

Sm, Eu, Gd, Tb, Dy, Er, Tm and Yb) (Cerac, 99.9%), Au (Shavings from 1 ounce gold

bullion, 99.99%), Al pellets (Cerac, 99.99%), Ge (Cerac, 99.999%).

22



—
.
_
_
_
w

-
_
_
—
.

_
.
_

Synth

nitrog

mmol

cruclb

vacuu1

tempel

d. folli

down I

nlmol l

 

 

 



Synthesis:

REAuAhGez (RE = Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm and Yb): In a

nitrogen-filled glove box, 1 mmol RE metal (0.14-0.18 g), 1 mmol Au (0.197 g), 10

mmol A1 (0.270 g) and 5 mmol Ge (0.36 g) were combined in an alumina crucible. The

crucible was then placed into a silica tube (13 mm in diameter), which was sealed under

vacuum (~10“1 Torr). The samples were heated to 1000 °C in 12 h, maintained at this

temperature for 30 h, then cooled to 850 °C in 24 h. They were annealed at 850 °C for 3

(1, followed by cooling down to 500 0C in 72 h. Finally the temperature was brought

down to 50 °C in 12 h.

REAuAMAuxGeH); (x = 0.4) (RE = Ce, Eu): In a nitrogen-filled glove box, 1

mmol RE metal (Ce 0.140 g, Eu 0.152 g), 1 mmol Au (0.197 g), 10 mmol Al (0.270 g)

and 2 mmol Ge (0.1466 g) were combined in an alumina crucible. The crucible was then

placed into a silica tube (13 mm in diameter), which was sealed under vacuum (~10‘4

Torr). The samples were heated to 1000 °C in 12 h, maintained at this temperature for 5

h, then cooled to 850 °C in 24 h, finally slowly cooled down to 50 °C in 72 h.

CeCuAla(Cu,Ge1.x)2 (x = 0.62): In a nitrogen-filled glove box, 1 mmol Ce metal

(0.140 g), 1 mmol Cu (0.064 g), 10 mmol Al (0.270 g) and 5 mmol Ge (0.36 g) were

combined in an alumina crucible. The crucible was then placed into a Silica tube (13 mm

in diameter), which was sealed under vacuum (~104 Torr). The samples were heated to

1000 °C in 12 h, maintained at this temperature for 30 h, then cooled to 860 °C in 24 h.

They were annealed at 850 °C for 3 (I, followed by cooling down to 500 °C in 72 h.

Finally the temperature was brought down to 50 °C in 12 h.
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Isolation:

The excess aluminum was removed by soaking the crucibles in aqueous 5M

NaOH solution overnight. The solid product remaining after the isolation procedure was

rinsed with water and acetone. The yields of each were ~80% for REAuAlaGez, ~90%

for REAuAl4(AuxGe1_x)2 (x = 0.4) and ~90% for CeCuA14(CuxGe1-x)2 (x = 0.62) based on

the initial amount of RE metal used in the reaction. Single crystals were selected for

elemental analysis, X-ray diffraction and magnetic susceptibility measurements.

Elemental Analysis:

The crystals were picked and placed on a Scanning Electron Microscope (SEM)

sample stub using carbon tape. Chemical composition of the products was determined by

Energy Dispersive Spectroscopy (EDS) performed on a JEOL JSM-35C SEM equipped

with a NORAN EDS detector. Spectra were acquired by applying a 25 kV accelerating

voltage with an accumulation time of 30 s. The atomic ratios in the compounds

CeAuAlaGez, EuAuA14(AuxGe1-x)2 (x = 0.4) and CeCuA14(CuxGe1-x)2 (x = 0.62) were

determined to be 1 : 1.25 : 4.87 : 2.1 (Ce : Au : Al : Ge), 1 : 1.76 : 3.73 : 1.1 (Eu : Au : Al

: Ge) and 1 : 1.86 : 3.84 : 0.86 (Ce : Cu : Al : Ge) respectively, which agreed well with

the results derived from single crystal X-ray analysis.

X—ray Crystallography:

Single crystal X-ray diffraction data were collected for REAuAlaGez (RE = Ce,

Nd, Gd, Er), EuAuA14(AuxGe.-x)2 (x = 0.4) and CeCuAl4(CuxGe1-x)2 (x = 0.62) at room

temperature on a Bruker AXS SMART CCD X-ray diffractometer. A data collection
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(Mo Ka radiation, A = 0.71073 A) was acquired covering either a full Sphere or

hemisphere of reciprocal space. Data processing was performed with the SAINTPLUS

software package. ” An empirical absorption correction was applied to the data using the

SADABS program.12 The structures were solved straight forwardly using direct methods

and refined with the SHELXTL package program.” All atomic positions were refined

anisotropically. The resulting stoichiometry agreed well with the elemental analysis from

EDS. Data collection parameters and refinement details for CeAuAlaGez and

NdAuAlaGez can be found in Table 2-1. The refinement details for Gd and Er analog are

listed in Table 2-2. Atomic positions, displacement parameters and anisotropic

displacement parameters for REAuAl4Ge2 (RE = Ce, Nd, Gd, Er) are listed in Tables 2-3

and 2-4. Data collection parameters and refinement details for EuAuA14(AuxGe1_x)2 (x =

0.4) and CeCuAl4(CuxGe1-x)2 (x = 0.62) can be found in Table 2-5; atomic positions,

displacement parameters and anisotropic displacement parameters for these two

compounds are listed in Tables 2-6 and 2-7.

X-ray powder diffraction data were collected at room temperature on a CPS 120

INEL X-ray diffractometer (Cu Ka) equipped with position-sensitive detector.

Experimental powder patterns were compared to the patterns calculated from the single

crystal structure solution (by the CrystalDiffract software) to determine the phase identity

and purity.
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Table 2-1. Crystal data and structure refinements for REAuAlaGez (RE = Ce, Nd).

 

 

Empirical formula CeAuAlaGez NdAuAl4Ge2

Formula weight 590.19 594.31

Temperature 293(2) K 293(2) K

Wavelength 0.71073 3, 0.71073 A

Space Group R -3 m (#166) R -3 m (#166)

Lattice constants (A) a = 4.2384(7) A

c= 31.613(7) A

a = 4.2258(4) A

c = 31.359(5) A

Volume 491 .81(16) A3 484.97(10) A3

Z 3 3

Calculated density, (g/cm3) 5.978 6.105

Absorption coefficient, (mm'l) 38.598 40.132

F(000) 759 765

Crystal size, (mm3) 0.63 x 021 x 0,32 0.43 x 0.26 x 0.33

0 range, (°) 193 to 27,63 11.22 to 37.15

Limiting indices -5 g h g 5 -7 S h S7

-5 S k S 5 -7 _<_ k .<_ 7

-4031339 5231352

Reflections collected 1650 2487

Unique reflections 186 347

Rim 0.0454 096%

Completeness to 0 100.0% 93.3 %

Refinement method Full-matrix least-squares on F2

Variables 15 15

Goodness-of-fit on F2 1,111 1.128

Final R indices [I>2cr(1)]a R1 = 0.0214 R1 = 0.0235

sz = 0.0514 WRz = 0.0634

R indices (all data) R1 = 0.0214 R1 = 0.0235

WRz : 0.0514 WRz = 0.0634

Extinction coefficient 0.0121(7) 0.0111(7)

Highest residual peak (e/A”) 1.412 and -2.365 2.920 and -4494

2 2 2 2 1/2

R1 = 2(lI‘bI-IFcD/ElFol; WRZ = [2[W(Fo ' Fc l/ [2(WlFol ) l

26



Table ;

 

\'olL

Cale

AbSi

F100

Crys

0 ran

Limi

 

 



Table 2-2. Crystal data and structure refinements for REAuAl4Ge2 (RE = Gd, Er).

 

 

Empirical formula GdAuAl4Ge2 ErAuAlaGez

Formula weight 581.11 671.29

Temperature 293(2) K 293(2) K

Wavelength 0.71073 A 0.71073 A

Space Group R -3 m (#166) R -3 m (#166)

Lattice constants (A) a = 4.2123(6) A

c = 30.994(6) A

a = 4.2074(4) A

c = 30.717(5) A

Volume 476.26(14) A3 470.91(9) A3

z 3 3

Calculated density, (g/ern3) 6.352 6.531

Absorption coefficient, (mm’l) 43.133 46.427

F(000) 777 789

Crystal size, (mm3) 0.27 x 0.19 x 0.28 0.33 x 0.28 x 0.11

0 range, (°) 11.25 to 37.25 11.27 to 37.00

Limiting indices -7 S h S 7 -7 S h S 6

-7 S k S 7 -7 S k S 7

49515.48 -51_<_lSSI

Reflections collected 2472 2448

Unique reflections 332 338

Rim 0.0635 0.0793

Completeness to 0 91.0 % 94.4 %

Refinement method Full-matrix least-squares on F2

Variables 15 15

Goodness-of-fit on F2 1.168 1.108

Final R indices [I>2<5(I)]al R1 = 0.0299 R1 = 0.0283

sz = 0.0696 sz = 0.0772

R indices (all data) R1 = 0.0305 R1 = 0.0297

sz = 0.0708 sz = 0.0780

Extinction coefficient 0.0104(8) 0.0134(10)

Highest residual peak (e/A3) 5.815 and -3.885 2.732 and -4754

2 2 2 2 1/2

R1 = £(lFol-chl)/2|Fol; wR2 = [2[w(Fo - Fe ]/ [£(wIFeI ) ]
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Table 2—3. Atomic coordinates and equivalent isotropic displacement parameters (A2 x

103) for REAuAlaGez (RE = Ce, Nd, Gd, Er).

 

 

Atom Wyk. x y 2 U( )3

Symbol °“

Ce 3]) -0.6667 0.6667 0.1667 8(1)

Au 3a 0 0 0 7(1)

Ge 6c -0.3333 0.3333 0.1081(1) 8(1)

Al(l) 6c -0.3333 0.3333 0.0245(1) 7(1)

Al(2) 6c 0 0 0.0820(1) 9(1)

Nd 36 -0.6667 0.6667 0.1667 7(1)

Au 3a 0 0 0 5(1)

Ge 60 -0.3333 0.3333 0.1091(1) 8(1)

Al(l) 6c 03333 0.3333 0.0250(1) 7(1)

Al(2) 6c 0 0 0.0823(1) 6(1)

Gd 36 -0.6667 0.6667 0.1667 5(1)

Au 3a 0 0 0 7(1)

Ge 6c -0.3333 0.3333 0.1105(1) 6(1)

Al(l) 6C -0.3333 0.3333 0.0255(1) 6(1)

Al(2) 6c 0 0 0.0832(1) 8(1)

Er 31) -0.6667 0.6667 0.1667 5(1)

Au 3a 0 0 0 6(1)

Ge 6c -0.3333 0.3333 0.1121(1) 4(1)

Al(1) 6C -0.3333 0.3333 0.0260(1) 8(1)

Al(2) 6c 0 0 0.0842(1) 6(1)
 

* UM) is defined as one third of the trace of the orthogonalized Uij tensor.
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Table 2-4. Anisotropic displacement parameters (A2 x 103) for REAuAl4Ge2 (RE = Ce,

Nd, Gd, Er).

 

 

Atom U11 U22 U33 U23 U13 U12

Ce 9(1) 9(1) 6(1) 0 0 5(1)

Au 7(1) 7(1) 5(1) 0 0 4(1)

Ge 9(1) 9(1) 6(1) 0 0 4(1)

Al(1) 7(1) 7(1) 7(2) 0 0 4(1)

Al(2) 11(1) 11(1) 5(1) 0 0 6(1)

Nd 7(1) 7(1) 7(1) 0 0 4(1)

Au 6(1) 7(1) 3(1) 0 0 3(1)

Ge 9(1) 9(1) 7(1) 0 0 4(1)

Al(1) 6(1) 7(1) 8(1) 0 0 5(1)

Al(2) 5(1) 5(1) 7(1) 0 0 4(1)

Gd 5(1) 6(1) 5(1) 0 0 3(1)

Au 7(1) 7(1) 7(1) 0 0 4(1)

Ge 7(1) 6(1) 7(1) 0 0 4(1)

Al(1) 6(1) 7(1) 7(1) 0 0 4(1)

Al(2) 9(1) 8(1) 8(1) 0 0 5(1)

Er 4(1) 4(1) 7(1) 0 0 2(1)

Au 6(1) 6(1) 6(1) 0 0 4(1)

Ge 5(1) 3(1) 7(1) 0 0 3(1)

Al(1) 6(1) 5(1) 12(1) 0 0 5(1)

Al(2) 6(1) 6(1) 8(1) 0 0 3(1)
 

The anisotropic displacement factor exponent takes the form:

-2tt2[h2a*2U‘ '+. . .+2hka*b*u‘2]
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Table 2-5. Crystal data and structure refinements for EuAuA14(AuxGe1-x)2 (x = 0.4) and

CeCuA14(CuxGe1-x)2 (x = 0.62).

 

 

Empirical formula EuAuA14(AuxGe|-x)2 CeCuA14(CuxGe1-x)2

(x = 0.4) (x = 0.62)

Formula weight 726.4 671.29

Temperature 293(2) K 293(2) K

Wavelength 0.71073 A 0.71073 A

Space Group P4/mmm (#123) P4/mmm (#123)

Lattice constants (A) a = 4.3134(8) A a = 4.2207(4) A

c = 8.371(3) A c = 7.9504(11) A

Volume 155.75(7) A3 141 .63(3) A3

Z 1 . 1

Calculated density, (g/cm3) 7.745 9.286

Absorption coefficient, (mm'l) 62.085 42.176

F(000) 305 354

Crystal size, (mm3) 0.046 x 0.064 x 0.052 0.033 x 0.058 x 0.071

0 range, (°) 2.43 to 28.25 14.63 to 39.73

Limiting indices -5 S h S 5 -7 S h S 7

-5 S k S 5 -7 S k S 7

4051510 -14Sl_<_14

Reflections collected 1745 2341

Unique reflections 146 283

Rim 0.0533 0.0401

Completeness to 0 96.7 % 91.3 %

Refinement method Full-matrix least-squares on F2

Variables 14 14

Goodness-of-fit on F2 1.151 1.498

Final R indices [I>20(I)]a R1 = 0.0276 R1 = 0.0321

sz = 0.0634 sz = 0.0849

R indices (all data) R1 = 0.0289 R1 = 0.0323

sz = 0.0642 sz = 0.0849

Extinction coefficient 0.141(9) 0.12(2)

Highest residual peak (e/A3) 2.923 and -4.569 2.545 and -1.697
 

2 2 2 2

R1 = 2(lFol-chI)/ZlFol; mm = [2[W(Foz- 1:, 1/ [2(wIFol > 1“
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Table 2-6. Atomic coordinates and equivalent isotropic displacement parameters (A2 x

103) for EuAuA14(AuxGe1-x)2 (x = 0.4) and CeCuA14(Cu,Ge.-,.)2 (x = 0.62).

 

 

Wyk.Symbol x y z U(eq) Occu.

Au(1) la 0.0000 0.0000 0.0000 10(1) 1

Au(2) 2h -0.5000 -0.5000 0.3462(1) 11(1) 0.41 1(4)

Ge 2h -0.5000 -0.5000 0.3462(1) 11(1) 0.590(4)

Eu lb 0.0000 0.0000 0.5000 13(1) 1

Al 4i 0.0000 -0.5000 0.1739(4) 12(1) 1

Cu(l) 1a 0.0000 0.0000 0.0000 6(1) 1

Cu(2) 2h -0.5000 -0.5000 0.3523(1) 8(1) 0.620(3)

Ge 2h -0.5000 -0.5000 0.3523(1) 8(1) 0.380(3)

Ce 1b 0.0000 0.0000 0.5000 6(1) 1

Al 4i 0.0000 -0.5000 0.1721(2) 9(1) 1
 

* U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Table 2-7. Anisotropic displacement parameters (A2 x 103) for EuAuAl4(AuxGe1-x)2 (x =

0.4) and CeCuA14(CuxGe1-x)2 (x = 0.62).

 

 

Atom U11 U22 U33 U23 U13 U12

Au(1) 12(1) 12(1) 7(1) 0 0 0

Au(2) 14(1) 14(1) 6(1) 0 0 0

Ge 14(1) 14(1) 6(1) 0 0 0

Eu 14(1) 14(1) 10(2) 0 0 0

Al 17(2) 12(2) 7(2) 0 0 0

Cu(l) 7(1) 7(1) 7(1) 0 0 0

Cu(2) 7(1) 7(1) 8(1) 0 0 0

Ge 7(1) 7(1) 8(1) 0 0 0

Ce 5(1) 5(1) 7(1) 0 0 0

Al 13(1) 7(1) 7(1) 0 0 0
 

The anisotropic displacement factor exponent takes the form:

-2rt2[h2a*2U' l+...+2hka*b*U12]
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Magnetic Characterization:

Magnetic measurements were conducted on the polycrystalline samples of

CeAuAlaGez, EuAuAlaGez, DyAuAlaGez, CeAuA14(AuxGe1-x)2 and EuAuAl4(AuxGe1-x)2

(x = 0.4) using a Quantum Design MPMS SQUID magnetometer. EDS-analyzed crystals

were ground into powder, and then sealed in kapton tape and placed into the

magnetometer. The data were collected in the temperature range of 3-300 K at 1000 G,

while field dependent magnetic measurements, conducted at 3 K, were carried out in

fields up to i 55000 G. A diamagnetic correction was applied to the data to account for

core diamagnetism.

2-3. Results and Discussion

Synthesis:

The compounds REAuAlaGez were obtained with most rare earth elements and

they tend to crystallize as plates or pyramidal crystals. Figure 2-1 shows the SEM images

of typical single crystals of CeAuAlaGez and EuAuAl4(AuxGe1-x)2 (x = 0.4). The yields

of the reactions were generally > 80% based on the rare earth elements used. Side

products were mainly recrystallized Ge and Au. Reactions with longer annealing times at

1000 °C did not improve the yields. Use of Yb as the RE metal produced the ternary

compound YbAlzGez instead of the target phase. Only when the amount of Yb was

increased (from elemental ratio 1 : 1 : 10 : 5 to 3 : l : 10 : 5 for Yb : Au : Al : Ge), could

YbAuAlaGez be obtained as the main phase.

For Ce and Eu, when a much shorter heating profile was used, the phase

REAuA14(AuxGe1-x)2 (x = 0.4) was found as the major product. When Sm was used

under the same heating profile, only SmAuAl4Ge2 could be obtained.
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Figure 2-1. SEM images of typical crystals of (A) CeAuAl4Ge2. (B) EuAuA14(AuxGe1-x)2

(x = 0.4).
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Crystal Structure ofREAuAl4Ge2:

The REAuAlaGez compounds crystallize in a rhombohedral structure with space

group R-3m. These compounds are isostructural to YNiAlaGez,l which suggests that this

structure type is robust and can accommodate a wide variety of non-isoelectronic

transition metals. The difference between the Ni and Au analogs is that RENiAlaGez

forms readily only with late RE metals, whereas almost all RE metals can form the Au

analogs. That the RENiAlaGez compounds form only with late RE metals could be due

to the smaller Size of [NiAlaGez] slab (compared to [AuAlaGez] slab) which permits only

the small RE ions to pack in the available space.5 When the Ni atoms are replaced by the

larger Au atoms in this structure, a cell parameter expansion is observed as expected,

with the a-axis being much more expanded than the c-axis. This allows the larger rare

earth elements to fit into the interlayer space. The cell volume for Ce, Nd, Gd and Er

analogs, exhibit the sequential contraction as expected (Figure 2-2).

The structure of CeAuAlaGez can be described as alternating layers of Ce atoms

and [AuAlaGez] slabs, Figure 2-3. The bonds between Ce atoms and the other atoms

were omitted in order to emphasize different layers in the structure. The Ce atoms on the

ab plane are close-hexagonally packed and form regular equilateral triangles with Ce-Ce

distance of 4.2384(7) A, corresponding to the length of the unit cell, a (Figure 2-4A).

Each Ce atom is sandwiched by two puckered layers composed of Ge and Al(2) atoms,

see Figure 2-4B.

The [AuAlaGez] slab consists of distorted A13 cubes, with the lengths of the cube

sides being 2.897(3) A and 3.048 A. Au atoms (as shown in Figure 2-5A), held in the

center of the cube, are surrounded by six Al(1) and two Al(2) atoms above and below to
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achieve an eight-coordinate environment. The Au-Al bond distances are 2.5668(9) A and

2.591(3) A, respectively, comparable to those in gold aluminides such as AuAlz (2.597

A). These cubes are connected to each other via face Sharing along the ab-plane.

The Ge atoms form puckered layers with Al(2) atoms which are in chair

geometries when Viewed down the c-direction. Each Ge atom is surrounded by three

Al(2) atoms and one Al(1) atom forming an umbrella like geometry (shown in Figure 2-

SB). A similar coordination enviromnent for Ge atoms is found in AEAlzGez (AB = Ca,

Sr) and REAlzGez in which the Ge atom is bonded to three Al atoms and one AE or RE

atom.l4
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Figure 2-2. Cell volume variation of different rare earth metals in REAuAlaGez.
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Figure 2-3. Structure of CeAuAl4Ge2 viewed down the [010] direction. Large empty

circles: Ce; black dots: A1; lighter shaded circles: Au; darker shaded circles: Ge.
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Figure 2-4. Structure of CeAuAlaGez. A) Trigonal pattern of Ce atoms in ab plane.

B) Coordination environment of Ce atom.
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Figure 2-5. Structure of CeAuAlaGez. A) Coordination environment ofAu atom.

B) Coordination environment of Ge atom.

Table 2-8. Bond lengths (A) for REAuAlaGez (RE = Ce, Nd, Gd, Er).

 

CeAuAl4G82 NdAuA14G62 GdAuAl4G62 ErAuAl4Ge2

RE-Ge x5 3.0692(7) 3.0342(4) 2.9901(6) 2.9516(5)

Au-Al(1) x6 2.5668(9) 2.5629(6) 2.5575(8) 2.5568(8)

Au-Al(2) x2 2.591(3) 2.5820(19) 2.578(3) 2.585(3)

Ge-Al(1) 2.5824(10) 2.638(2) 2.635(2) 2.645(3)

Ge-Al(2) x3 2.641(3) 2.5806(7) 2.5757(9) 2.5761(9)

Al(l )-A1(1 ) x3 2.897(3) 2.901(2) 2.902(3) 2.906(3)
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Crystal Structure ofREAuAldAuxGepx); (x = 0.4):

The compound REAuA14(AuxGe1-x)2 (x = 0.4) crystallizes in space group

P4/mmm with the KCu483 structure type. The same structure forms with other transition

metals including Ni, Cu and Pd when Ge is replaced by Si.5 As shown in Figure 2-6, the

AuA14(AuxGe1-x)2 layers stack along the c-axis, and the Eu atoms reside in cages formed

by eight Ge/Au atoms and eight Al atoms (Figure 2-7B), similar to those of the Ba atoms

in the BaAl4 structure type.15 When viewed on the ab plane, as shown in Figure 2-7A,

the Eu atoms are arranged in a flat square-net, with an Eu-Eu distance of 4.3134(8)A,

which is equal to the a-cell parameter.

The structure type of the AuAl4(AuxGe1_x)2 layer contains a stable unit which

occurs frequently in many intermetallic compounds, such as LaGat,Ni1.,,,16 szNiAlaGe2,4

and szNiGalz.l7 This layer can be described as follows: Au atoms are arranged in a

square network with each Au atom sitting inside a distorted A13 cube, shown in Figure 2-

7C. These cubes share edges with the Al-Al bond distance of 2.912(6) A to form an

infinite slab. The Slab is then completed by capping Ge/Au atoms on both sites. Analysis

of the X-ray data shows that the capping atomic sites are in fact occupied by a mixture of

Au and Ge atoms with a ratio of 2 : 3.‘8 The resulting AuA14(AuxGe1-x)2 layers stack and

link to each other via Ge-Ge bonding between capping Ge atoms along the c-direction.

The distance between Au/Ge atoms across neighboring AuA14(AuxGei-x)2 layers is

2.575(2) A.
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Figure 2-6. Structure of EuAuA14(AuxGe.-x)2 viewed down the [010] direction. Large

empty circles: Eu; black dots: Al; lighter shaded circles: Au; darker shaded circles:

Ge/Au.
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Figure 2-7. Structure of EuAuA14(AuxGe1-x)2. (A) The square net formed by Eu atoms in

ab plane. (B) (C) Local coordination environments of Eu and Au(1) atoms.
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Table 2-9. Bond lengths (A) for EuAuA14(AuxGe1-x)2 (x = 0.4) and CeCuAl4(CuxGel-x)2

(x = 0.62).

 

 

 

EuAuA14(AuxGe1-x)2 CeCuAl4(CuxGel-x)2

(x = 0.4) (x = 0.62)

Eu-Ge x10 3.3107(7) Ce-Ge x10 3.2071(4)

Eu-Al x2 3.479(2) Ce-Al x2 3.3536(13)

Au(1)-Al x8 2.6021(17) Cu(1)-Al x8 2.2154(9)

Ge-Al x4 2.5944(18) Ge-Al x4 2.5507(10)

Al-Al 2.912(6) Al-Al 2.9845(3)

Ge—Ge x2 2.575(2) Ge-Ge x2 2.3475(17)

Magnetic Properties:

Crystals were picked from the products and analyzed by EDS. Magnetic

measurements were performed on polycrystalline samples ground from those selected

crystals.

Magnetism ofCeAuAlaGez, EuAuAl4Ge2 and DyAuAl4Gez

The magnetic susceptibility as a function of temperature for CeAuAlaGez is

plotted in Figure 2-8A. Up to 300 K, CeAuAlaGez does not obey Curie-Weiss Law at

any temperature range which indicates possible mixed Ce3‘L/Ce4+ valence in this

compound. The mixed or intermediate valence behavior, which is generally induced by

the hybridization between 4f electrons and conduction electrons, has also been seen in

other Ce-containing compounds such as CeNiA14(Siz-xNix) and CezNiAl(,.,,Ge4.y.5 We

have calculated the magnetic moment of this compound from its susceptibility value xm

measured at T = 280 K according to the equation uexp = 2.83(Txm/6)'/2(47tx10'6) 113. The
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resulting value ucxp = 0.78 113 is between the theoretical value of 1.1,,” = 0 113 for Ce“ and

pert = 2.54 113 for Ce“. However, the temperature dependent magnetic behavior of

CeAuAlaGez is different from well known mixed valence systems such as CeRu3Si2,l9 the

weakly mixed valence system CeSn;20 and the strongly mixed valence system CeRuZZI.

In these typical mixed valence compounds, xm is almost constant at low temperatures,

then increases with increasing temperature and tends to obey the Curie-Weiss Law at

high temperatures. The reason why CeAuAlaGez shows different magnetic behavior

from typical mixed valence compounds might be that, it is a very weakly mixed valence

system that has a much lower fluctuation temperature. Figure 2-8B shows the

magnetization of CeAuAlaGez as a function of field. The magnetization increases

linearly up to 10000 G without saturation.

The magnetic susceptibility of EuAuAlaGez obeys the Curie-Weiss Law above 50

K, Figure 2-8C. The pen value, obtained from the data, is 3.34 113, while that of a free-ion

for Eu” is 3.40 113. Therefore, we can regard the oxidation state of the Eu ion as 3+,

while Au is in a diamagnetic state. Because of the slightly enhanced stability of half

filled 4f shells of Eu”, most europium compounds Show divalent europium or mixed

valence of Buy/Eu”. To further determine the oxidation state of Eu atoms, l5'Eu

Méissbauer Spectroscopy might be needed. The field dependent data (Figure 2-8D)

shows a gradual increase of the magnetization until saturation which occurs at about

30000 G. However magnetization per Eu ion at this point is only 30% of the maximum

value calculated according to the formula umcalc) = gJ 113 (for a free atom the g factor is

defined by the Lande' equation, the total angular momentum J is the sum of the orbital L

and spin S angular momenta).
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The molar magnetic susceptibility data of DyAuAlaGez vs temperature is plotted

in Figure 2-8E. This material exhibits an antiferromagnetic transition at low temperature

around 11 K and conforms to the Curie-Weiss Law behavior above the transition

temperature. The calculated pm (9.17 113), is somewhat lower than the theoretical value

for Df+(10.63 113), as is frequently observed, and the difference might be ascribed to the

crystal-field effects.22 The measured magnetic moment is entirely attributed to Dy atoms

with the Au atoms being diamagnetic. DyAuAlaGez exhibits field-induced metamagnetic

behavior at 3K, as shown in Figure 2-8F. A gradual increase in magnetization is

observed until the field reaches 5000 G where a dramatic increment occurs, indicating

spin reorientation. Then the magnetization begins to saturate and does not change much

up to 55000 G. However, the moment per Dy3+ ion at this point is only 60% of its

maximum value (10.60 113) which is calculated from upy(calc) = gJ 1.13. The sharp jump

occurring at 5000 G suggests a possible transition to a more ferromagnetically ordered

state, which can also be supported by the positive Sign of the Weiss constant 0. Similar

spin complexity has been observed in other intermetallic compounds including

'DyzAuAlesiag and B-DyNiGe223. It has been suggested that a trigonal arrangement of

rare earth ions on a plane could create fi'ustration in antiferromagnetic coupling.24 A

field higher than 55000 G may be required to achieve complete saturation of the

magnetization.

Magnetism ofCeAuAla(AuxGe1.x): and EuAuAl4(AuxGe1-x)2 (x = 0. 4)

Figure 2-9A gives the thermal dependence of the magnetic susceptibility xm

measured for CeAuA14(AuxGel-x)2. The Herr values, calculated by fitting to the Curie-
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Weiss Law in the temperature range of 50~140 K and 160~300 K, are 1.54 11.3 and 1.18

113, respectively, which are between the theoretical ones of peg = 0 113 for Ce4+ and um =

2.54 1,13 for Ce”. The change in the slope of inverse susceptibility plot may be due to

changes in the Ce valence state over the whole temperature range. This behavior is

different from those compounds with intermediate valence of Ce atoms, which also obey

the Curie-Weiss Law at high temperature while Ce atoms are in 3+ oxidation state.25 The

Au atoms are likely diamagnetic as in the other Al-grown intermetallic compounds

described above.

For EuAuA14(AuxGe1-x)2, the temperature dependent magnetic susceptibility data

at 1000 G Show an antiferromagnetic transition at about 4 K, as shown in the inset of

Figure 2-9 C. When the high temperature (above 20 K) data are fit to the Curie-Weiss

Law, a pct; of 6.03 113 is obtained. The calculated effective magnetic moment for Eu2+ 4f7

ions is predicted to be equal to the value of Gd3+ ions, which is 7.94 113. Thus we suggest

that Eu ions in this compound EuAuA14(AuxGe.-x)z are in a divalent 4f7 ground state and

the difference might due to the crystal-field effects. This observation is consistent with

the statement that Eu is often found to be divalent in the noble-metal compounds with a

broad s band. Examples include EuAg526, EuAu527, EuAuMgzg, Eu(Pd1.,,Au,‘)ZSi;t_29 and

EuAu4A133i7. The magnetization increases gradually with increasing applied field. No

magnetization saturation is observed up to 55000 G (Figure 2-9D).
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Figure 2-8. (A) Temperature dependent magnetic susceptibility of CeAuAlaGez. (B) Field

dependent magnetization at 3K for CeAuAlaGez. (C) Temperature dependent magnetic

susceptibility of EuAuAlaGez. (D) Field dependent magnetization at 3K for EuAuAlaGez.

(E) Temperature dependent magnetic susceptibility of DyAuAlaGez. (F) Field dependent

magnetization at 3K for DyAuAlaGez.
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2-4. Conclusions

The exploratory reaction chemistry in the system RE/Au/Al/Ge using Al as a flux

led to two types of intermetallic phases REAuAlaGez (RE = Ce, Pr, Nd, Sm, Eu, Gd, Tb,

Dy, Er, Tm and Yb) and REAuAl4(AuxGe1-x)2 (x = 0.4) (RE = Ce and Eu). These two

families crystallize in different structure types and were characterized by single crystal X-

ray diffraction. However these two structures are related and both can be represented as

consequent stacking of RE layers and AuA14G62 (or AuA14(AuxGe1-x)2) slabs along the c-

axis. Single crystal X-ray diffraction analysis reveals that the Ge atoms in

REAuA14(AuxGe.-x)2 are in a mixed occupancy site with 40% of Au and 60% of Ge,

while for the Cu-analogue, the mixed site is occupied by 62% Cu and 38% Ge.

The discovery of these two families suggests the parallel chemistry between the

third row transition metal and the first row transition metal, especially Ni. For example,

the hexagonal phase RETMAlaGez can be formed both with Au and Ni;

REAuA14(AuxGe1-x)2 and RENiA14(Si2-xNix) are isostructural phases which have

transition metal and tetrelide on the mixed occupied site.

Magnetic measurements indicate that the magnetic moments are localized on the

RE atoms and Au atoms are in a non-magnetic state. Antiferromagnetic ordering

transitions are observed in DyAuAlaGez and EuAuA14(AuxGe1-x)2 with Néel temperatures

of 11 K and 4 K respectively, and DyAuAl4Ge2 exhibits metamagnetic behavior at 3K.

The Ce analogs may exhibit valence fluctuations in the temperature range measured.
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CHAPTER THREE

VzAl5Ge5: First Ternary Intermetallic in the V-Al-Ge system Accessible

in Liquid Aluminum

3-1. Introduction

Recently Al flux has been proven by the Kanatzidis group, Jeitschko group and

others to be a powerful method to study the multinary systems including RE/Al/Tr,

RE/TM/Al, RE/TM/Al/Tr (RE = rare earth metal, TM = transition metal, Tr = Si or

Ge)"2 Surprisingly rich chemistry was found from these systems in liquid aluminum:

explorations of the new multinary systems led to the discovery of a number of new series

of intermetallics such as RENiAl4Ge2,3 RE.tFe2+,,A17.,,Si3,4 and REAu3Al75. In addition,

new phases were obtained by reinvestigation of some old systems. For example, there

are a few ternary rare earth aluminum silicides reported in the literature, such as

REgAl3Si (RE = Ho, Tm),6 TmzAlSi2,7 and DyAIZSiz.8 Re—inspeetion of this system using

Al as the flux produced a new family of intermetallics RE2A13Si2 (RE = Ho, Er, Tm).9

The single crystal form of these phases obtained from liquid aluminum made the

structural determination easier and physical properties measurements more reliable.

The success on these rare earth-containing systems stimulated us to start

inspecting the systems without rare earth metals, e.g. TM/Al/Tr, TMI/TMz/Al/Tr. There

have been some reports in the literature on ternary transition metal silicides with the

transition metal mainly Mn, Fe, Co, Ni, such as FeAIZSiIO and Nit6AlSi9.ll Many of them

are pseudo-binary compounds with Al (and Si sitting on the same site, such as

Ni3AlogSioa.l3 These systems are of particular interest due to theM03A10,gSio.2,12

Since 19808, a large number ofremarkable thermal oxidation resistance of silicides.

51

-
’

 

 

 



 
 

1111'

C131;

5.1111.



quasicrystalline approximants have been discovered in the Al-rich region of the AMTM

and related ternary systems. One well-known example is a-MnAlSi, which is a prototype

of approximants presenting Mackay-type clusters. '4

As to the systems containing Ge, there are even less examples reported in the

literature, MnAlGe,'5 Ni3Alo_gGe()_2“S to name a few. In the system V/Al/Ge, as far as we

know, only a few pseudo-binary phases were reported, such as V3Alo_25Geo,75,i7

V3Alo,3Ge()_7l8 and V3,Alo,5Ge0,5.19 All these phases belong to the A15 structure type with

Al and Ge atoms occupying the same site.20 The parent compound V3Ge is a

superconductor with To = 6.104 K, and it was found that in the system V3Alee1-x, the

substitution of Al for Ge expands the lattice and dramatically increases Tc (T6 = 11.17 K

when x = 0.3).21 Our studies on the system V/Al/Ge using Al as the flux led to the

discovery of a new ternary compound VzAlsGes with all the atoms sitting on independent

atomic sites. In this chapter, synthesis, crystal structure, thermal analysis, magnetic

measurements and electronic structure calculations for V2A15Ge5 are reported.

3-2. Experimental Section

Reagents:

The following reagents were used as obtained without further purification: V (-325 mesh,

Cerac, 99.7%), Al pellets (Cerac, 99.99%), Ge (Cerac, 99.999%).

Synthesis:

In a nitrogen-filled glove box, 2 mmol V metal (0.102 g), 5 mmol Ge (0.36 g) and

10 mmol A] (0.270 g) were combined in an alumina crucible. The crucible was then
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placed into a silica tube (13 mm in diameter), which was sealed under vacuum (~10'4

Torr). The sample was heated to 850 °C in 12 h, maintained at this temperature for 3d,

slowly cooled down to 200 °C at the rate of 15 °C hi, and finally brought down to 50 °C

in 5 h. This compound can also be obtained as a pure phase by combining 2mmol V

metal (0.102 g), 5mmol Al (0.135 g) and 5mmol Ge (0.36 g) using the same heating

profile.

 

Isolation:

The excess aluminum was removed by soaking the crucible in aqueous 5M NaOH

solution overnight. The solid product remaining afier the isolation procedure was rinsed

with water and dried with acetone. The yield of the reaction was ~90% based on the

initial amount of V metal used. Single crystals were selected for elemental analysis, X-

ray diffraction, thermal analysis and magnetic susceptibility measurements.

Elemental Analysis:

The crystals were fixed on a Scanning Electron Microscope (SEM) sample plate

using carbon tape. Chemical composition of the products was determined by Energy

Dispersive Spectroscopy (EDS) performed on a JEOL JSM-35C SEM equipped with a

NORAN EDS detector. Data were acquired by applying a 25 kV accelerating voltage

with an accumulation time of 60 s. The atomic ratio averaged from ten crystals was

determined to be 1 : 2.85 : 2.73 ( V : Al : Ge), which agreed well with the results derived

from the single crystal X-ray data analysis.
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X-ray Crystallography:

Single crystal X—ray diffraction data of V2A15Ge5 was collected at room

temperature on a Bruker AXS SMART CCD X-ray diffractometer. A data collection

(M0 K01 radiation, A = 0.71073 A) was acquired covering a full sphere of reciprocal

space. Data processing was performed with the SAINTPLUS software package.22 An

empirical absorption correction was applied to the data using the SADABS program.”

The structure was solved by direct method and refined with the SHELXTL package

program.24 Systematic absences conditions led to three c-centered space groups: Cmc2,

Cmcm and Ama2. Cmcm is the only centrosymmetric one and has the lowest CFOM

value thus was chosen. Later structure refinement confirmed this choice. All atomic

positions were refined with anisotropic thermal displacement parameters. The resulting

stoichiometry agreed well with the elemental analysis from EDS. Data collection

parameters and refinement details for V2A15Ge5 can be found in Table 3-1. Atomic

positions, displacement parameters and anisotropic displacement parameters for this

compound are listed in Table 3—2 and Table 3-3.

The X-ray powder diffraction data were collected at room temperature on a CPS

120 INEL X-ray diffractometer (Cu K01) equipped with position-sensitive detector.

Experimental powder patterns were compared to the patterns calculated from the single

crystal structure solution (by the CrystalDiffract program) to determine the phase identity

and purity.
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Thermal Analysis:

Differential thermal analysis (DTA) was performed on a Shimadzu DTA-50

differential thermal analyzer with 01 -A1203 as a standard reference. The sample was

heated to 1000 °C at a rate of 10 °C/min, then cooled to 150 °C at the same rate. The

cycle was then repeated to determine if the compound melted congruently.

1
Thermal gravimetric analysis (TGA) was performed on a Shimadzu TGA-50

thermal gravimetric analyzer. The sample was heated to 1000 °C at a rate of 10 °C/min

 

under flowing air, held at 1000 °C for 10 min, and then cooled down to room temperature

at the same rate.

 

Figure 3-1. SEM image of a typical crystal of V2A15Ge5.
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Table 3-1. Crystal data and structure refinements for V2A15Ge5.

 

 

Empirical formula V2A15Ge5

Formula weight 599,73

Temperature 298(2) K

Wavelength 0.71073 A

Space Grour Cmcm (#63)

Lattice constants (A) a = 5407200) A

b = 12.978(2) A 1

e = 11.363(2) A

 

Volume 797.4(3) A3

Z 4

Calculated density, (g/cm3) 4.996

Absorption coefficient, (mm’l) 21,293

F(000) 1084

Crystal size, (mm3) 0.22 x 0.17 x 0.15

0 range, (°) 11.48 to 37.92

Limiting indices -9 g h g 9

-22 S k S 22

-19 S l S 19

Reflections collected 6346

Unique reflections 1133

Kim 0.0965

Completeness to 0 93.9 %

Refinement method Full-matrix least-squares on F2

Variables 40

Goodness-of-fit on F2 1,064

Final R indices [I>2c5(1)]a R1 = 0.0486

wR2 = 0.0895

R indices (all data) R1 = 0.0323

ng = 0.0996

Extinction coefficient 0.0099(7)

Highest residual peak (e/A3) 2.207 and —1.843
 

R1 = 23(lFol-chl)DZIFoI; wR2 = [ZIW(F62- Fc2]/[2(w|Fo|2)2]1/2
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Table 3-2. Atomic coordinates and equivalent isotropic displacement parameters (A2 x

 

 

103) for V2A15Ge5.

Atom Wyk. x y z U(eq).

Symbol

V 8g 0.2526(2) 0.3903(1) 0.7500 3(1)

Ge(l) 4c 0.0000 0.2208(1) 0.7500 6(1)

Ge(2) 4c 0.5000 0.3430(1) 0.5566(1) 6(1)

Ge(3) 8f 0.0000 0.5322(1) 0.6321(1) 8(1)

Al(1) 4c -0.5000 0.2095(2) 0.7500 1 1(1)

Al(2) 4c 0.0000 0.3331(2) 0.5451(2) 9(1)

Al(3) 8f 0.0000 0.0425(2) 0.6273(2) 9(1)

 

‘ U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Table 3-3. Anisotropic displacement parameters (A2 x 103) for V2A15Ge5.

 

 

Atom U1 1 U22 U33 U23 U13 U12

v 4(1) 4(1) 3(1) 0 0 0

Ge(l) 6(1) 4(1) 8(1) 0 0 0

Ge(2) 6(1) 8(1) 4(1) -1(1) 0 0

Ge(3) 7(1) 8(1) 9(1) 3(1) 0 0

Al(1) 8(1) 7(1) 18(1) 0 0 0

Al(2) 11(1) 10(1) 6(1) -3(1) 0 0

Al(3) 9(1) 8(1) 8(1) 3(1) 0 0

 

The anisotro

-27r2[h2a*2U

pic displacement factor exponent takes the form:

1+...+2hka*b=iu'2]
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Magnetic Characterization:

Magnetic measurements were conducted on the polycrystalline samples of

V2A15Ge5 using a Quantum Design MPMS SQUID magnetometer. EDS-analyzed

crystals were ground into powder, which was then sealed in kapton tape and placed into

the magnetometer. The data were collected in the temperature range 3-300 K at 1000 G,

while field dependent magnetic measurements, conducted at 3 K, were carried out in

fields up to i 55000 G. A diamagnetic correction was applied to the data to account for

core diamagnetism. The magnetic contribution from kapton tape was also subtracted for

correction.

Electronic Structure Calculation:

Band structure calculations for V2A15Ge5 were performed using the self-consistent

full-potential linearized augmented plane wave method (LAPW) within density

functional theory (DFT). For the exchange and correlation parts of the potential, the

generalized gradient approximation (GGA) was used. Scalar relativistic corrections were

added and spin-orbital interaction ($01) was incorporated using a second variational

procedure. The calculations were performed using the WIEN97 program.

3-3. Results and Discussion

Synthesis:

V2A15Ge5 was originally found as we were exploring the system V/Co/Al/Ge

using Al as the flux. After excess Al was removed by NaOH solution, VzAlsGes was

obtained in the form of elongated needles, frequently aggregated in bundles. The SEM
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image of a typical crystal of V2A15Ge5 is Shown in Figure 3-1. Elemental analysis and

single crystal X-ray data revealed that Co did not go into the product and a new ternary

compound V2A15Ge5 formed. This result is surprising since Co is very reactive in liquid

aluminum and several new Co-containing quaternary intermetallics had been discovered

by the Al flux method, such as CeCoAIASig, REZCoAlaGez (RE = Sm, Gd, Tb) and

Sm2C0(Co,,Al1.,,)A14Ge(,.y.25 Later flux synthesis only incorporating V, Al and Ge was

also successful to produce the title compound as single crystals with the reaction yield

~90%. V2A15Ge5 can also be obtained as a pure phase by combining stoichiometric

amount of V, Al and Ge using the same heating profile; however only microcrystalline

products were obtained. This again shows the effectiveness of Al flux to grow Single

crystals of intermetallics.

We have also tried to apply the same conditions to the system V/Al/Si expecting

to obtain Si-analogue of the title compound. Various conditions led to the same product

V3AlSi5, which is a variant of the known compound VSiz with Al and Si atoms sitting on

the same site.26

Crystal Structure of V2A15Ge5:

V2A15Ge5 crystallizes in the orthorhombic space group Cmcm (#63) in what

appears to be a new structure type (Figure 3-2). In this structure a total of seven

crystallographically distinct atomic sites were identified: V atoms at 8g sites, Al and Ge

atoms occupying three atomic sites: two at 8f and one at 4c. A recognizable building

block in this structure is a distorted pentagonal prismatic column made of stacked

pentagonal prisms defined by Al and Ge atoms with V atoms in the center. The
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pentagonal prisms have been seen in other compounds such as CeGaMg, in which Ga and

Mg atoms build a three dimensional network with Ce atoms filling in the pentagonal

channels.27 These pentagonal columns are close-packed hexagonally throughout the

whole structure. To show the structural organization of V2A15Ge5 more clearly, all Al

atoms were removed as shown in Figure 3-3. These pentagons form layered structure

stacking along the c-axis; on the neighboring layer, the pentagons are rotated 180°

pointing to the opposite direction.

In V2A15Ge5 the pentagonal prism is not regular, as described in Figure 3-4A: one

of its pentagonal faces contains one Al(1) atom, two symmetry-related Al(3) atoms and

two symmetry-related Ge(2) atoms, while on the opposite face, correspondingly, there are

one Ge(l) atom, two Ge(3) atoms and two Al(2) atoms. The pentagonal prisms stack

along the a-axis to make a column by sharing the top and bottom faces with two other

prisms. Therefore each V atom is not only surrounded by five Al atoms and five Ge

atoms, but also bonded with other two V atoms inside the column forming a vanadium

chain, which is rarely seen in other vanadium-containing intermetallic compounds.28

Another interesting feature of this structure is long—short alternation of the V—V bond

distances in the chain at 2.732(2) A and 2.676(2) A, respectively. Both distances imply

V—V bonding and are comparable to those found in other intermetallic compounds such

as A1V3 and V.;Alzg.29 The difference in bond distance indicates that the V atom is not

located exactly at the center of the prism. In fact, the V atom is closer to the face

containing two Ge atoms and three Al atoms (plane Al(1) — Al(3) — Ge(2), Figure 3-4A).

The local coordination environments of Ge and A1 atoms within 3.0 A are presented in

Figure 3-4B-D and Figure 3-4E-G respectively. Each Al/Ge atom is surrounded by eight
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atoms, and they exhibit similar coordination geometry. The Ge(l) atom is sitting at the

cross-section of two planes: one plane is defined by atoms Al(1)—V—V—Al(1), the other

plane is perpendicular and defined by atoms Al(2)—Al(3)—Al(3)—Al(2). Ge(l), Al(2) and

V atoms are connected to form a triangular pyramid. The Ge(2) atom shows a similar

geometry as Ge(l), but in this case, those two Al(3) atoms are from different pentagonal

clusters, so there is no bonding between them, as shown in Figure 3-4C. Another

noteworthy point is that the two triangles Al(2).V—Ge(2) connected by Ge(2) atom are

not eo-planar. Ge(3) atom also presents a similar coordination environment, but it is

different from those of Ge(l) and Ge(2) atoms, particularly in the triangular pyramid.

One of the A1 atoms in the apex positions is replaced by one Ge(3) atom, with the Ge(3)—

Ge(3) bond distance of 2.6791(15) A. The Al atoms show very similar coordination

geometries to the Ge atoms (shown in Figure 3-4E-G) and will not be discussed here in

detail.
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Figure 3-2. Structure of V2A15Ge5 in polyhedra ofV atoms viewed down the [100]

direction. Large empty circles: Ge; black circles: Al; gray circles: V.
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Table 3-4. Bond lengths (A) for V2A15Ge5.

 

 

Bond Distance Bond Distance

V-Ge(1) 2.5890(13) Ge(1)-Al(1) 2.7076(5)

V-Ge(2) x2 2.6447(9) Ge(1)-Al(2) 2.747(2)

V-Ge(3) x2 2.6558(11) Ge(l)-Al(3) 2.701(2)

V-Al(1) 2.701(3) Ge(2)-Al( 1) 2.799(2)

V-Al(2) x2 2.799(2) Ge(2)-Al(2) 2.562(2)

V-Al(3) x2 2.764(2) Ge(2)-Al(2) x2 2.7098(5)

V—V 2.676(2) Ge(2)-Al(3) 2.564(2)

V-V 2.732(2) Ge(2)-Al(3) 2.71 1(2)

Ge(3)-Ge(3) 2.6791 (1 5) Ge(3)-Al(1) 2.662(3)

Al(3)-Al(3) 2.788(4) Ge(3)-Al(2) 2.666(2)

Ge(3)-Al(3) x2 2.7075(5) Ge(3)-Al(2) 2.766(2)
 

Magnetic Properties:

Magnetic measurements were performed on polycrystalline samples ground from

selected single crystals and from direct combination to check the reproducibility of the

result. Originally, the temperature dependent magnetic measurements show

ferromagnetic behavior of the title compound with Te around 280 K. However the

magnetization at 3 K is as low as 0.005 113 when the applied field is 10000 G. Although

powder X-ray diffraction analysis shows that it is pure phase of VzAlsGes, careful

elemental analysis on the sample detects a very small amount of adventitious iron which

might come from reduction of the crucible cement (a mixture of metal oxides) by Al flux.

To avoid this problem, the reaction was conducted in a one-side—ended crucible as

obtained, so no cement was used. The result confirmed our assumption: as shown in

Figure 3-5, this material was almost temperature independent during the whole
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temperature range of 3 to 300 K which indicates that VzAlsGes exhibits Pauli

paramagnetic behavior. The very small amount of ferromagnetic fragment at low

temperatures might be from impurities.

Thermal Analysis:

Differential thermal analysis Shows that V2A15Ge5 melts congruently with the

melting point 709 °C and it recrystallizes at 641 °C. Figure 3-6 Shows the thermal

gravimetric analysis of single crystals of V2A15Ge5 under flowing air up to 1000 °C. This

material was resistant to air oxidation until 520 °C, and no weight gain or loss was

observed. Above this temperature, however, the weight increased gradually and up to

1000 °C a total of 30% of weight was gained. PXRD shows that this material was finally

fully oxidized to the mixture of oxides: A1203, V205 and GeOz. The oxidation resistance

properties of germanides are generally not so good as those of silicides, which have been

studied extensively as wear and corrosion resist coating materials.

Band Structure Calculations:

Electronic structure calculations using the linearized augmented plane wave

method within density functional theory Show metallic behavior of V2A15Ge5, as shown

in Figure 3-7. The Fermi level is at 0 eV with a density of states of about 8

states/eV/2[V2A15Ge5] (Figure 3-7A). The Ge p states are in the energy range -7 to 10

eV, and they hybridize with the Al p and s orbitals indicating the covalent interaction

between Ge and Al atoms (Figure 3-7B, C). The DOS diagram of V d-orbitals, Figure 3-

7D, reveals two bands evidently: one is located between —4 to 0 eV and the other is 0 to 3
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eV, showing that the d-orbitals of V atoms are partially occupied. Comparison between

the occupied partial DOS diagrams implies that the d-states ofV atoms (in the range -4 to

0 eV) hybridize more with Ge p states than Al p and 8 states, suggesting that the covalent

interaction between V and Ge is stronger than that ofV and Al atoms.

3—4. Conclusions

By studying the ternary system V-Al-Ge in liquid aluminum, we obtained single

crystals of a new phase V2A15Ge5, which is the first real ternary compound in this system.

It crystallizes in a new structure type with the pentagonal column composed of Al and Ge

atoms as the unique building block. The V atoms form a long-short alternating chain

residing in the center of the pentagonal column.

Magnetic measurements Show that this material is Pauli paramagnetic, which is

consistent with metallic behavior predicted from band structure calculations. The partial

DOS diagrams reveal covalent bonding between Ge and Al atoms; the d-orbitals of V

atoms are partially occupied and the covalent bonding between V and Ge atoms is

stronger than that between V and Al atoms. V2A15Ge5 is resistant to air oxidation up to

520 °C; up to 1000 °C this material is fully oxidized to the mixture of metal oxides.
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CHAPTER FOUR

Structurally Complex Cobalt Intermetallics Grown from Liquid

Aluminum: C019Al45SIlo-x (X = 0.13) & C05A114SIz

4-1. Introduction

Aluminum matrix alloys are technologically useful materials because of their light

weight, special mechanical strength, high thermal and electrical conductivity, etc.1 For

example, aluminum metal-matrix composites (Al-MMCS) have emerged as a critical

class of material for applications in lightweight automotive structures, forgings for

suspension and drive trains as well as aerospace development products.2 The addition of

transition metals and silicon into an Al matrix contributes to the desirable properties of

these materials such as high temperature wear and corrosion resistant coatings3 and even

thermoelectric energy conversion4. Moreover, a large number of quasicrystal

approximants occur in the Al-rich region of the Al-TM (TM = transition metal) and

related ternary systems.5 One well known example is or-MnAlSi which is a prototype of

approximants presenting Mackay—type clusters.6 Since the quasicrystalline phases are

often found with a composition in the vicinity of crystalline approximant phases, the

detection of new approximants often helps to find new quasicrystals and aid in the

understanding of the local order of the latter compounds.

In the ternary phase diagram of Co-Al-Si system, very little information is known

about the structural chemistry of ternary compounds. Nowotny and his coworkers

identified two ternary phases Co3Al3814 and CozAlSi2;7 German has had a tentative study

on this ternary system and found five ternary phases.8 He confirmed the existence of
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Co3A13814 and CozAlSiz and labeled them as or and 0 phase. The other three phases were

designated as y, 5 and 8 and their crystal structures were not determined. In 2005 Grin

and his coworkers reported the structure of another ternary compound CoaAl7+xSi2-x,

which shows a covalently bonded Al/Si 3D polyanion presenting ionic interactions with

Co atoms.9 C04A17+,,Si;_.x was assigned by Grin et a]. as x phase. In this chapter we

present two new members in the Al-rich region — CO|9A14581|0-X (x = 0.13) and

Co Al Si grown from aluminum flux.l0 Among them, ColoAl.;5Silo.x (x = 0.13) was
5 14 2

designated by German as y phase however he could not characterize its crystal structure.8

We were able to grow single crystals of these phases by Al flux and determine their

crystal structures by single crystal X-ray diffraction analysis. Both phases exhibit

surprisingly large unit cell parameters and complex structures; CoSAlMSi2 shows

remarkable thermal oxidation resistance in air up to 1000°C. Herein the synthesis, crystal

structure, thermal stability and magnetic properties of the title compounds are reported.

4-2. Experimental Section

Reagents:

The following reagents were used as obtained without further purification: Co (-

325 mesh, Cerac, 99.9%), V (-325 mesh, Cerac, 99.7%), Al pellets (Cerac, 99.99%), Si (-

325 mesh amorphous powder, Cerac, 99.999%).

Synthesis:

ColgAhssilh (x=0.13): In a nitrogen-filled glove box, 1 mmol vanadium (0.051 g),

2 mmol cobalt (0.118 g), 10 mmol Al (0.270 g) and 5 mmol Si (0.14 g) were combined in an
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alumina crucible. The crucible was put into a silica tube, which was sealed under a

vacuum of 10“11 Torr. The sample was then heated to 1000°C in 15 h, maintained at this

temperature for 5 h, followed by cooling to 850°C in 2 h. It was annealed at 850°C for 3

d, cooled to 200°C in 36 h, and finally cooled down to 50°C in 2 h.

CoSAIMSizz In a nitrogen-filled glove box, 3 mmol cobalt (0.177 g), 15 mmol Al

(0.405 g) and 5 mmol Si (0.14 g) were combined in an alumina crucible. The crucible

was put into a silica tube, which was sealed under a vacuum of 104 Torr. The sample was

then heated to 1000°C in 15 h, maintained at this temperature for 5 h, followed by

cooling to 850°C in 2 h. It was annealed at 850°C for 3 d, and then cooled to 200°C in 36

h.

The excess aluminum was removed by soaking the crucible in aqueous 5M NaOH

solution overnight. The resulting crystalline product was rinsed with water and dried

with acetone. The yield for Co(9A1458110-x (x = 0.13) was ~70% based on the initial

amount of cobalt used. CoSAlMSi2 was obtained as a pure phase with the yield 90%.

Single crystals were selected for elemental analysis, X-ray diffraction, thermal

gravimetric analysis and magnetic measurements. When we tried to produce the phase

ColoAIASSim.x by arc-melting the stoichiometric amount of the elements (ratio 1.9 : 4.5 :

1.0), the phase CoSAll4812 formed instead. Arc-melting reactions were run under an Ar

atmosphere on a water-cooled copper plate and the pellets were flipped and remelted

three times to ensure a homogeneous distribution of the reactants.
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Elemental Analysis:

Selected crystals were fixed on a SEM stub using carbon tape. Chemical

composition of the products was determined by Energy Dispersive Spectroscopy (EDS)

performed on a scanning electron microscope (SEM) JEOL JSM-35C equipped with

NORAN EDS detector. Data were acquired by applying a 25 kV accelerating voltage

with an accumulation time of 30 S. The atomic ratio in the compounds C019A1458110-x (x

= 0.13) and CoSAlMSi2 were determined to be 18.4 : 41.5 : 10 (Co : Al : Si) and 5.27 :

13.6 : 2 (Co : Al : Si) respectively, in good agreement with the results derived from the

single crystal X-ray analysis.

X-ray Clystallography:

Single crystal X-ray diffraction data of C019A14_r,Si10.x (x = 0.13) and CosAlMSi2

were collected at room temperature on a Bruker AXS SMART CCD X-ray diffractometer

with graphite monochromatized Mo K01 (A = 0.71073 A) radiation. Data processing was

performed with the SAINTPLUS software package.ll The face-indexing procedure was

used to analytically correct for absorption; and an empirical absorption correction was

applied to the data using the SADABS program.'2 The structure was solved using direct

methods and refined with the SHELXTL package programs.l3 Since Al and Si could not

be distinguished directly from the collected X-ray scattering data, the assignment of Al

and Si positions were made based on the bond distances. All atomic positions were

refined anisotropically. Tables 4-1 shows the crystallographic refinement data for

C019A145Si10-x (x = 0.13) and CoSAlMSiZ. Tables 4-2, 4-3, 4-4, 4-5, 4-6 and 4-7 list
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fractional atomic positions, equivalent isotropic thermal displacement parameters and

selected bond distances for ColoAIASSim.x (x = 0.13) and CoSAll4812 respectively.

Table 4-1. Selected crystal data and structure refinement details for CotoA145Silo-, (x =

0.13) and CO5A114812.

 

 

Empirical formula ColoAIASSilo.x (x = 0.13) C05A1148i2

Formula weight 2614.67 728.55

Crystal system Monoelinic Orthorhombic

Space group C2/c (#15) ana (#62)

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Reflections collected

Independent reflections

Completeness to theta = 37.00°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>28igma(l)]

R indices (all data)

Largest diff. peak and hole

2 2

R1 = z:(lI'-:ol‘chl)/ZlFoli WRZ : [2[W(Fo ’ 1:c 1/ [2(wlFol

a = 19.991(2) A

b = 19.143(2) A

c = 12.8137(2) A

(3 = 123.583(2)°

4085.1(8) A3

4

4.251 Mg/m3

8.773 mm'1

4952

0.23 x 0.13 x 0.09 mm3

1.62 to 28.10°

21558

4644 [R(int) = 0.0429]

92.9 %

a =13.8948(19)A

b = 23.039(3) A

e = 7.3397(10) A

2349.6(6) A3

8

4.119 Mg/m3

8.130 mm"

2760

0.22 x 0.18 x 0.26 mm3

1.77 to 28.14°

24268

2789 [R(int) = 0.0328]

94.7 %

Full-matrix least-squares on F2

4644 / 0 / 338

1.030

R1 = 0.0326

sz = 0.0705

R. = 0.0446

sz = 0.0746

-3

1.588 and —0.979 e.A

2 2 112

)1
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2789 / 0 / 200

1.066

R1 = 0.0268

sz = 0.0640

R. = 0.0316

sz = 0.0686

3.007 and -1.111e.A'3



Table 4-2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

(Azx 103) for C019A145Silo-x (x = 0.13). Estimated standard deviations are in parentheses.

 

 

Wyckoff site x y z U(eq)

Co(l) 8f 752(1) 4023(1) 5417(1) 7(1)

Co(2) 8f 1790(1) 5896(1) 8002(1) 5(1)

Co(3) 8f 6144(1) 9017(1) 9009(1) 5(1)

Co(4) 8f 3150(1) 7111(1) 6806(1) 7(1)

Co(5) 8f 3158(1) 4800(1) 6845(1) 8(1)

Co(6) 8f 4223(1) 5238(1) 9509(1) 8(1)

Co(7) 8f 4343(1) 2922(1) 9487(1) 10(1)

Co(8) 4e 5000 5969(1) 7500 7(1)

Co(9) 8f 1374(1) 7814(1) 9263(1) 5(1)

Co(10) 8f 3327(1) 4063(1) 8855(1) 10(1)

Al(1) 8f 2163(1) 7874(1) 6744(1) 7(1)

Al(2) 8f 4651(1) 7124(1) 8210(1) 8(1)

Al(3) 8f -300(l) 4113(1) 3249(1) 7(1)

Al(4) 8f 2204(1) 3966(1) 6668(1) 6(1)

Al(5) 8f 1290(1) 7129(1) 7360(1) 8(1)

Al(6) 8f 1244(1) 3321(1) 7368(1) 8(1)

Al(7) 8f 2892(1) 6026(1) 10162(l) 9(1)

Al(8) 8f 3833(1) 6653(1) 5789(1) 7(1)

Al(9) 8f 2937(1) 6781(1) 8451(1) 8(1)

Al(IO) 8f 3816(1) 5201(1) 5826(1) 8(1)

Al(ll) 8f 4659(1) 4812(1) 8210(1) 7(1)

Al(12) 8f 1190(1) 3510(1) 4091(1) 8(1)

Al(l3) 8f 1209(1) 4736(1) 7299(1) 8(1)

Al(14) 8f 4453(1) 6320(1) 10624(1) 13(1)

Al(15) 8f 1705(1) 4804(1) 4757(1) 15(1)

Al(l6) 8f -473(l) 3295(1) 5210(1) 10(1)

Al(l 7) 8f 3877(1) 3600(1) 7569(1) 9(1)

Al(l 8) 8f 6860(1) 7887(1) 9747(1) 16(1)

Al(19) 8f 477(1) 5325(1) 4826(1) 10(1)

Al(20) 4e 0 7681(1) 7500 16(1)
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Table 4-2. (Continued) Atomic coordinates (x 104) and equivalent isotropic displacement

parameters (Azx 103) for C019A1458i10-x (x = 0.13). Estimated standard deviations are in

 

 

parentheses.

Wyckoff site x y z U(eq)

Al(21) 8f 2047(1) 6031(1) 6316(1) 12(1)

Al(22) 8f 619(1) 2684(1) 5059(1) 13(1)

Al(23) 8f 3722(1) 5964(1) 7587(1) 7(1)

Si(l) 8f 7485(1) 9093(1) 9607(1) 25(1)

81(2) 4e 5000 8339(1) 7500 6(1)

Si(3) 8f 2516(1) 7828(1) 9157(1) 6(1)

Si(4) 4e 5000 9678(1) 7500 6(1)

81(5) 8f 2814(1) 5184(1) 8259(1) 8(1)

Si(6) 8f 5249(1) 5928(1) 9655(1) 7(1)

 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Table 4-3. Anisotropic displacement parameters (Azx 103) for ColoAlassilo.x (x = 0.13).

 

 

ull u22 u33 u23 ul3 ul2

Co(l) 10(1) 6(1) 7(1) 0(1) 6(1) 1(1)

Co(2) 7(1) 6(1) 6(1) 0(1) 4(1) 0(1)

Co(3) 5(1) 5(1) 5(1) 0(1) 2(1) 0(1)

Co(4) 7(1) 8(1) 9(1) 2(1) 5(1) 1(1)

Co(5) 9(1) 8(1) 10(1) -2(1) 7(1) —2(1)

Co(6) 8(1) 8(1) 9(1) 1(1) 5(1) -l(1)

Co(7) 12(1) 7(1) 6(1) 0(1) 2(1) 4(1)

Co(8) 7(1) 7(1) 6(1) 0 4(1) 0

Co(9) 4(1) 5(1) 5(1) 1(1) 3(1) 1(1)

Co(10) 10(1) 10(1) 10(1) 0(1) 6(1) 1(1)

Al(1) 7(1) 6(1) 9(1) 0(1) 6(1) 1(1)

Al(2) 8(1) 8(1) 7(1) 0(1) 3(1) 0(1)

Al(3) 6(1) 8(1) 5(1) -1(1) 2(1) 0(1)
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Table 4-3. (Continued) Anisotropic displacement parameters (Azx 103) for C019A1458110-x

 

 

(x=0.l3).

ull u22 u33 1123 ul3 1112

Al(4) 6(1) 6(1) 5(1) 1(1) 4(1) -l(l)

Al(5) 8(1) 7(1) 6(1) 1(1) 4(1) -l(l)

Al(6) 8(1) 7(1) 8(1) 1(1) 5(1) 0(1)

Al(7) 12(1) 8(1) 7(1) 1(1) 4(1) -2(1)

Al(8) 8(1) 9(1) 6(1) -1(1) 5(1) 0(1)

Al(9) 10(1) 8(1) 8(1) 0(1) 6(1) 1(1)

Al(10) 10(1) 8(1) 8(1) 0(1) 6(1) 0(1)

Al(ll) 8(1) 7(1) 6(1) 1(1) 3(1) 0(1)

Al(12) 10(1) 7(1) 8(1) 1(1) 6(1) 1(1)

Al(l3) 11(1) 6(1) 8(1) -l(1) 6(1) -l(l)

Al(l4) 10(1) 12(1) 13(1) -4(1) 5(1) 4(1)

Al(15) 22(1) 8(1) 12(1) 3(1) 8(1) 7(1)

Al(16) 11(1) 11(1) 9(1) -2(1) 6(1) 3(1)

Al(17) 9(1) 8(1) 8(1) 0(1) 4(1) 0(1)

Al(18) 25(1) 8(1) 8(1) 1(1) 5(1) 7(1)

Al(19) 11(1) 10(1) 13(1) 1(1) 9(1) -2(1)

Al(20) 8(1) 16(1) 14(1) 0 -l(l) 0

Al(21) 12(1) 15(1) 6(1) 0(1) 4(1) -2(1)

Al(22) 18(1) 11(1) 23(1) -3(1) 18(1) 0(1)

Al(23) 8(1) 7(1) 9(1) 0(1) 6(1) 0(1)

Si(l) 11(1) 34(1) 30(1) 2(1) 12(1) 0(1)

Si(2) 6(1) 8(1) 5(1) 0 3(1) 0

Si(3) 7(1) 5(1) 6(1) 0(1) 4(1) 1(1)

Si(4) 7(1) 6(1) 6(1) 0 4(1) 0

Si(S) 8(1) 7(1) 8(1) -l(1) 5(1) 1(1)

Si(6) 8(1) 7(1) 9(1) 0(1) 6(1) -l(l)

 

The anisotropic displacement factor exponent takes the form:

-21t2[h2a"‘2Ul l+. . .+2hka*b*U12]



Table 4-4. Selected bond distances for ColoA1458i10-x (x = 0.13).

 

 

 

 

 

Bond Length, A Bond Length, A

Co(3)-Si(1) 2.3498(16) Al(5)-Co(7) 2.4880(13)

Co(3)-Al(6) 2.5884(13) Al(5)-Al(17) 2.8434(17)

Co(5)-Al(1 1) 2.5013(14) Si(2)-Si(4) 2.562(2)

Co(5)-Co(6) 2.9744(8) Si(3)-Co(9) 2.3587(12)

Al(2)-Al(23) 2.7160(17) Si(3)-Al(7) 2.6517(17)

Alb-Si(6) 2.7666(17) Si(4)-Co(3) 2.3825(10)

Table 4-5. Selected bond distances for CosAllasiz.

Bond Length, A Bond Length, A

Co(l )-Al(7) 2.4518(12) Si(l)—Al(9) 2.6347(15)

Co(2)-Al(1 1) 2.5148(13) Si(2)-Al(14) 2.5721(16)

Co(3)-Si(2) 2.3686(11) Si(3)-Co(6) 2.6895(19)

Co(4)-Al(14) 2.4538(12) Al(1)-Al(12) 2.9093(16)

Co(5)-81(1) 2.3715(16) Al(3)-Si(2) 2.6162(15)

Co(5)-Co(6) 2.8075(1 1) Al(5)-Co(4) 2.4934(12)
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Table 4-6. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

(Azx 103) for CosAlMSiz. Estimated standard deviations are in parentheses.

 

 

Wyckoff site x y z U(eq)

Co(l) 8d 7853(1) 3393(1) 956(1) 8(1)

Co(2) 8d 5213(1) 6648(1) 1010(1) 8(1)

Co(3) 8d 4393(1) 5755(1) 5767(1) 5(1)

Co(4) 8d 6560(1) 5021(1) -918(1) 8(1)

Co(5) 4c 5460(1) 2500 3877(1) 8(1)

Co(6) 4c 7092(1) 2500 6132(1) 12(1)

Si(l) 4c 8753(1) 2500 1136(2) 9(1)

Si(2) 8d 4360(2) 4720(1) 5850(1) 7(1)

Si(3) 4c 4769(1) 7500 2858(2) 15(1)

Al(1) 4c 6942(1) 2500 2206(2) 10(1)

Al(2) 8d 6201(1) 5796(1) 1113(2) 6(1)

Al(3) 8d 7672(1) 4218(1) -968(1) 6(1)

Al(4) 8d 4352(1) 5818(1) 2223(2) 8(1)

Al(5) 8d 2984(1) 5256(1) 4086(2) 9(1)

Al(6) 4c 51 10(1) 7500 -778(2) 5(1)

Al(7) 8d 8365(1) 3134(1) 4048(2) 10(1)

Al(8) 8d 4655(1) 5307(1) 8726(2) 11(1)

Al(9) 8d 9607(1) 3415(1) -287(2) 12(1)

Al(10) 8d 523(1) 3104(1) 1052(2) 8(1)

Al(l 1) 8d 8225(1) 3133(1) -2400(2) 14(1)

Al(12) 8d 4395(1) 6352(1) -1920(2) 13(1)

Al(13) 8d 3495(1) 6616(1) 4896(2) 17(1)

Al(14) 8d 8918(1) 4173(1) 2089(2) 11(1)

Al(15) 8d 2900(1) 5708(1) 7494(2) 16(1)

 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
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Table 4-7. Anisotropic displacement parameters (Azx 103) for CosAlMSiz.

 

 

ull u22 1133 1123 U13 ul2

Co(l) 10(1) 5(1) 10(1) 0(1) -l(l) 0(1)

Co(2) 8(1) 7(1) 10(1) 2(1) -1(1) -l(l)

Co(3) 5(1) 4(1) 7(1) 0(1) 0(1) 0(1)

Co(4) 7(1) 9(1) 9(1) -2(1) 1(1) -2(1)

Co(5) 8(1) 5(1) 10(1) 0 1(1) 0

Co(6) 11(1) 8(1) 15(1) 0 -2(1) 0

Si(l) 8(1) 6(1) 13(1) 0 2(1) 0

Si(2) 7(1) 5(1) 9(1) 0(1) 0(1) 1(1)

Si(3) 21(1) 9(1) 16(1) 0 -3(1) 0

Al(1) 8(1) 7(1) 15(1) 0 1(1) 0

Al(2) 5(1) 4(1) 8(1) -l(1) 0(1) 1(1)

Al(3) 8(1) 4(1) 6(1) 1(1) 0(1) 1(1)

Al(4) 8(1) 6(1) 10(1) 0(1) 0(1) -2(1)

Al(5) 7(1) 10(1) 9(1) 1(1) 1(1) -l(1)

Al(6) 7(1) 1(1) 7(1) 0 0(1) 0

Al(7) 10(1) 10(1) 10(1) -2(1) -1(1) 2(1)

Al(8) 14(1) 11(1) 9(1) 4(1) -l(1) -1(l)

Al(9) 13(1) 7(1) 15(1) -2(1) 1(1) -l(l)

Al(10) 5(1) 12(1) 9(1) -l(l) 0(1) 0(1)

Al(ll) 11(1) 18(1) 12(1) -4(1) 2(1) -6(1)

Al(12) 20(1) 8(1) 12(1) -2(1) -3(1) 0(1)

Al(13) 15(1) 15(1) 21(1) 0(1) -4(1) 5(1)

Al(14) 6(1) 9(1) 18(1) -5(1) 1(1) -1(1)

Al(15) 9(1) 19(1) 20(1) -9(1) 7(1) -5(1)

The anisotropic displacement factor exponent takes the form:

~21t2[h2a*2U 1+...+2hka*b*u‘2]
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Thermal Analysis:

Thermal gravimetric analysis (TGA) was performed on a Shimadzu TGA-SO

thermal gravimetric analyzer. The sample was heated to 900 °C at a rate of 10 °C/min

under flowing air, held at 900 °C for 10 min, and then cooled down to room temperature

at the same rate.

Magnetic Characterization:

Magnetic susceptibility measurements were conducted on the polycrystalline

samples of ColoA145Si10-x (x = 0.13) and CoSAlMSi2 using a Quantum Design MPMS

SQUID magnetometer. EDS-analyzed crystals were ground into powder, which was

sealed in kapton tape and placed into the magnetometer. The data were collected in the

temperature range 3-300 K at 1000 G, while field dependent magnetic measurements,

conducted at 5 K, were carried out in fields up to i 55000 G. The magnetic contribution

from kapton tape was subtracted for correction.

4-3. Results and Discussion

Synthesis:

C019A145Silo.x (x = 0.13) was found in an effort to explore the system V-Co-Al-Si using

Al as the flux. Vanadium did not incorporate into the product and a new ternary phase

C019A145$110-x (x = 0.13) formed instead. The yield of the reaction was 70% based on the

initial amount of cobalt element used. The side products were mainly unreacted

vanadium and recrystallized Si. Several attempts to make this compound with only Co

and Si in Al flux or by direct combination with an arc-welder were not successful. These

attempts resulted in C05Allasiz which is also described here.

83



Crystal Structure ofC019A145Si10.x (x = 0.13):

C019A1458110.x (x = 0.13) crystallizes in the monoclinic space group C2/c, and its

large unit cell contains 10 Co, 23 Al and 6 Si independent Sites with a total of 296 atoms.

All the atomic sites are ordered except for Si(l) which is only 90% occupied.

The very high structural complexity presents difficulties in describing this

structure in a straightforward fashion. A careful examination reveals that no high-

symmetry first-neighbor polyhedron can be found around any atomic site. One way to

understand the structure is to inspect the Co(3), Co(8), Co(9), Si(3) and Si(6)-based

polyhedra which are interpenetrating into each other (Figure 4-1). The Si-based

framework, shown in Figure 4-2, is composed of alternating Si(3) and Si(6)-centered

slabs along the a-axis. In order to simplify the description and obtain a better view of the

structure, only the bonds between the center atoms (Si(3) and Si(6) atoms) and the

surrounding atoms are shown. On the local scale two types of structural fragments are

noteworthy. In the first fragment, the Si(3) atom is bonded to another Si(3) atom forming

a Si dimer (Figure 4-3A), with the Si(3)-Si(3) bond distance of 2.528(2) A. Although this

Si-Si bond distance is longer than the sum of the metallic radii of silicon, it is comparable

to those in the other intermetallics (2.523 A in Re24Alszilz,M 2.518 A in FeAIZSiIS).

These two Si(3) atoms, together with two Co(9) atoms, form a C0281; rhombus. This

rhombus is surrounded by Al atoms, some serving to bridge the Si and Co atoms (Al(5),

Al(7), Al(9), Al(12) and Al(17)), while others serving as links to the rest of the structure (

Figure 4-3A).
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Figure 4-3B depicts the Si(6)-centered polyhedra which conjoin with each other in

similar but not identical fashion to Si(3). In this fragment, two Si(6) and two Co(6)

atoms also form a C02Si2 rhombus, however no Si-Si bonding exits with a Si(6)-Si(6)

distance at 3.929 A. The Si(6)-based dimeric polyhedra are linked to each other by

bridging Co(8) atoms; when viewed down the a-axis, these Si(6)-centered polyhedra

form infinite puckered layers, Figure 4-3C.

The overall organization of the structure of ColgAhSSiro-x (x = 0.13) can be

described as layers defined by Co(3), Co(8) and Co(9) polyhedra and linked with each

other by a Si(3) and Si(6)-based wire framework, Figure 4-4. The slabs composed of

Co(3), Co(8) and Co(9) polyhedra, when viewed down the [001] direction, stack in A-A’

fashion where layer A’ is shifted relative to layer A along the a direction by a/Z (Figure

4-5A). The center of the layer is occupied by Co(9) polyhedra form a chain by vertex-

linking. Both ends of the layer are capped by Co(3) and Co(8) polyhedra alternatively.

Two Co(3) polyhedra are conjoined by bridging Si(2) and Si(4) atoms forming a C028i2

rhombus, Figure 4-5B. As seen in Figure 4—5C, the connectivity mode of Co(9)

polyhedra is very similar to that of Si(6): the C028i2 rhombi composed of two Co(9) and

Si(3) atoms are connected by bridging Al(20) atoms. Each Co(8) atom, is sitting on a site

of icosahedral geometry which contains two Si(6), Al(8), Al(10), Al(ll), Al(23) and

Al(2) atoms (Figure 4-5D).
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Crystal Structure ofCo5A1,4Si2:

CoSAlMSi2 has a different structure type which appears to be new and is also

highly elaborate as in C019A1453i10-x (x = 0.13). This compound adopts the orthorhombic

Space group ana, which has 6 Co, 3 Si and 15 Al independent sites with a total of 168

atoms in the unit cell. Although C019A145Si10-x (x = 0.13) and CoSAlMSi2 exhibit totally

different structure types, they show notable similarities in the way the various polyhedra

connect to each other. Both structural frameworks derive from the vertex-linkage of

polyhedra with the C028i2 rhombus as the common feature in the structure.

Figure 4-6 depicts this structure in polyhedra of Al(1), Al(ll), Al(15), Co(2),

Co(3) and Co(5) atoms. One layer is based on Co polyhedra and the second is based on

Al polyhedra. To have a clearer view of the layered structure character of (30514114512,

only the polyhedra of Co(2) and Co(3) are shown in Figure 4-7. This figure ShOWS

dimeric units linked to each other by sharing Al(4), Al(9) and Al( 12) atoms along the c

direction. The local structure around these units is shown in Figure 4-8. The manner in

which the Co clusters connect with each other is very similar: two Co(2) polyhedra are

connected by Si(3) and Al(6) atom; while two Co(3) polyhedra are bridged by two Si(2)

atoms. Such linking patterns show resemblance to those of the Co(3) and Co(9) atoms

formed in the structure of C019A145Siio.x (x = 0.13), which is an indication of the close

structural relation of these two phases. Co(5) atoms, shown in Figure 4-8C, link the

Co(2)-based dimers to form a “ribbon” running along the c-axis, using two Al(12) and

one Al(6) atom as bridges.

The Al-based layer is shown in Figure 49 Interestingly, the Al(l 1) and Al(15)-

based polyhedra form a similar layered structure as Co(2) and Co(3). However, a closer

91



view of Al(15)-based polyhedra reveals that they are different from those described

before. As shown in Figure 4-10A, Al(15) polyhedra are linked by Al(5) atoms to form

zig—zag chains along the c axis. The Al(ll) polyhedra are condensed into dimers by

Al(11)-Al(11) bonding (distance 2.9280(24) A) with Co(6) atoms acting as bridging

atoms, Figure 4-10B. This unit is surrounded by more Al atoms to form a cluster.

Furthermore, Al(1) polyhedra are connected to this cluster to form a larger trimer-based

cluster.

The local coordination geometries of Co(3), Co(8) and Co(10) in C019A145Si10-,, (x

= 0.13), Co(2), Co(3) and Al(l 1) in CoSAlMSi2 are presented in Figure 4-11A & B. As

we can see, the Co atoms are surrounded in a cage composed of Al and Si atoms. Such

disposition is common in a variety of Al/Ga-rich binaries such as VgGaM,l6 WAllzl7 and

CozAlg18 which also exhibit large and complex structures. Compared to another ternary

intermetallic Co.;Al7+,,Si2.,,,9 the only significant connection with the title compounds is

the trigonal prismatic coordination geometries of Co atoms. Another interesting feature

about the structure of C01<)A145Si10.x and CosAlMSi2 is that, although there is no obvious

evidence showing that they are approximants themselves, they show structural features

that are reminiscent to some known quasicrystal approximants. For example, Figure 4-

11C Shows the first-neighbor coordination polyhedra of transition metals in the Mackay-

type approximants MDA15,19 or-FeAlSi20 and o-CoaAll3.21 It is evident that for most

polyhedra in the structure of C019A1458110-x and CoSAIMSiZ, we can find corresponding

ones in the approximants, except that they are very distorted from ideal. In this sense,

we might be able to consider these two phases as distorted Mackay-type approximants.
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Physicochemical Properties:

A noteworthy property of CoSAll4Si2 is its inertness to thermal attack. When

crystals of this compound were exposed to air in a thermal gravimetric fumace

environment, there was no obvious ignition point, and up to 900 °C only about 3% weight

gain was observed (Figure 4-12A). To further investigate the oxidation resistance

properties of this material, single crystals of C05A114Si2 were loaded into an alumina

crucible and annealed in air at 1000 °C for 5 hours. The shiny and clean surface of the

crystals was covered by an oxide layer which is evidently seen by comparing the SEM

images of C05A114Si2 before and afier annealing (Figure 4-12B, C & D). Elemental

analysis by energy dispersive spectroscopy showed highly elevated levels of Al on the

surface of the air-annealed crystals and the amount of Co and Si was less than 3%. This

indicates that Al diffused outward and reacted with oxygen on the surface of the material

to form A1203, which was not spallable and blocked further oxygen transportation into

the material.

In aluminides, it is usually found that Al preferentially forms A1203 on the

surfaces of alloys, such as NiAl and TiAl.22 It has also been reported that addition of A1

into ZrSi2 and MoSi2 helps to improve the oxidation resistance properties by forming a

protective A1203 layer.23 However, the presence of A1203 was not detected by the X-ray

diffraction analysis of the material after annealing. Instead all observed Bragg peaks

corresponded to the starting compound which implies that the structural integrity of

C05A114Si2 was not compromised by annealing at 1000 °C. Similar thermal resistant

properties have been found in RE5C04Si14 (RE = Ho, Er, Tm and Yb)24 in which a

protective Si02 layer was formed and this intriguing behavior is due to the Si-rich nature
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Figure 4-12, (A) Thermal gravimetric analysis of C05A114Si2 in air. (B) Scanning electron

micrograph of C05A114Si2 before annealing. (C) (D) Close up view of C05A114Si2 before

and after annealing at 1000 °C for 5 hours.
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of the crystal framework. The difference in the protecting layer between C05A114Si2 and

RE5Co4Sil4 might suggest higher oxygen affinity of aluminum than Co and Si. Although

it has been observed that additions of Si to some aluminide alloys such as Ti3Al result in

a considerable reduction in the oxidation rate,25 this fact does not explain why C05A114Si2

shows better thermal properties than ColgAl4SSi10.x (x = 0.13), since in CosAll4Si2 the Si

level is lower.

Magnetic Properties:

Crystals were picked from the products and analyzed by EDS. Magnetic

measurements were performed on polycrystalline samples ground from those selected

crystals. Magnetic susceptibility measurements showed that both compounds exhibit

ferromagnetic behavior with Tc around 260K, however very low xm values were observed

(~0.015 emu / mol formula at 5K). In addition, although the magnetization determined at

5K does show hysteresis, the low saturation magnetic moment (0.025 B.M. / mol formula

at 10000 0e) indicates that the ferromagnetic behavior is probably caused by magnetic

impurities. These may be nanocrystals of an unidentified compound occluding the grains

of single crystals, however we could not identify any distinct phase by SEM analysis or

X-ray diffraction analysis. Therefore we conclude that the pure bulk compounds are

probably paramagnetic.
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4-4. Conclusions

The Al flux method is a powerful tool to synthesize new intermetallic compounds.

The compounds C019A1458i10.x (x = 0.13) and C05A114Si2, grown from liquid Al, show

exceptionally complex structures and large unit cells. The extended structures can be

described in terms of distorted polyhedra of Co, Al and Si atoms. The resemblance of the

current structures to the quasicrystal approximants, especially in the first-neighbor

coordination environments, might be helpful in discovering new quasicrystals in the

ternary Co-Al-Si system. C05A114Si2 shows interesting thermal oxidation resistance up to

1000°C which is due to the formation of A1203 layer on the surface of the crystals.

102



References:

 

‘ (a) Kevorkijan, v. Aluminum 2002, 78, 469. (b) Satyanarayana, K. (3.; Pillai, R. M.;

Pai, B. C. Trans. Indian Inst. Metals 2002, 55, 115.

2 (a) Suresh, S.; Mortensen, A.; Needleman, A. Fundamentals of Metal-Matrix

Composite, Butterworth-Heinemann, Boston, 1993. (b) Ochiai, S. Mechanical Properties

ofMetallic Composite, Marcel Dekker, Inc., New York, 1994.

3 Wang, H. M.; Lu, x. D.; Liu, Y. F.; Duan, G.; Cai, L. x.; Wang, C. M. Mater. Sci.

Forum 2003, 426-432, 2551.

4 Tokita, s.; Amano, T.; Okabayashi, M.; Nishida, 1. A. Mater. Sci. Forum 1993, 12, 197.

5 Tamura, N. Rhil. Mag. A 1997, 76, 337.

6 Frank, F. c.; Kasper, J. 3. Acta Cryst. 1996, A52, 125.

7 Burger, K. 0.; Wittmann, A.; Nowotny, H. Monatsh. Chem. 1962, 93, 9.

8 German, N. v. Bestn. L ’vov. Univ. Chim. 1981,23, 61.

9 Richter, K. W.; Prots, Y.; Grin, Yu. Inorg. Chem. 2005, 44, 4576.

'0 Kanatzidis, M. G.; Pottgen, R.; Jeitschko, w. Angew. Chem. Int. Edit. 2005, 44,6996.

” Saint, Version 4; Simens Analytical X-ray Instruments Inc., Madison, WI.

'2 SADABS, Sheldrick, G. M.; University of Gottingen, Gottingen, Germany.

'3 G.M. Sheldrick, 1995, SHELXTL. Structure Determination Programs, Version 5.0.

Siemens Analytical X-ray Instruments, Inc. Madison, WI.

'4 Onogi, T.; Takeuchi, T.; Sato, H.; Mizutani, U. J. Alloys Compd. 2002, 342, 397.

'5 Geman, N. V.; Zavodnik, V. E.; Yanson, T. I.; Zarechnyuk, 0. S. Kristallografiya

1989, 34, 738.

‘6 Girgis, K.; Petter, W.; Pupp, G. Acta Crystallogr., Sect. B: Struct. Sci. 1975, B31, 1 l3.

'7 Adam, J.; Rich, J. B. Acta Cryst. 1954, 7, 813.

'8 Bostroem, M.; Rosner, H.; Prots, Y.; Burkhardt, U.; Grin, Yu. Z. Anorg. Allg. Chem.

2005, 631, 534.

103



 

'9 Stenberg, L.; Sjovall, R.; Lidin, s. .1. Solid State Chem. 1996, 124, 65.

2" Corby, R. N.; Black, P. J. Acta Crystallogr. 1977, 33B, 3468.

2' Grin, J.; Burkhardt, U.; Ellner, M.; Peters, K. J. Alloy Compd. 1994, 206, 243.

22 Grabke, H. J. Mater. Sci. Forum 1997, 251-254, 149.

23 Perez, P.; Lopez, M. F.; Jimenez, J. A.; Adeva, P. Intermetallics 2000, 8, 1393.

24 Salvador, J. R.; Malliakas, C.; Gour, J. R.; Kanatzidis, M. G. Chem. Mater. 2005, 17,

1636.

25 Jazayeri-G, A.; Buckley, R. A.; Davies, H. A. Mater. Sci. Tech. 2002, 18, 1485.

104



CHAPTER FIVE

Exploratory Studies on the Ternary System RE/Ni/Al

Employing Al as a Flux

PART 1. Synthesis, Crystal Structure and Magnetic Properties of RE3N15A119

(RE = Sm, Dy, Er, Yb)

5-1-1. Introduction

The use of liquid A] as a high temperature solvent for exploratory synthesis has

' These phases exhibitled to the discovery of many novel multinary intermetallics.

complex structures and interesting physical properties. Examples include RE2TM3A19

(TM = Rh, Ir, Pd), 2 YNiAlAGe2, 3 RE4Fe2+xA17-xSig (RE = Ce, Pr, Nd, Sm), 4

REgRu12Al498i9(Alei12-x) (RE = Pr, Nd, Sm, Gd, Tb, Er),5 and RE2TMA16Si4 (RE = Gd,

Tb, Dy; TM = Au, Pt).6 The rich chemistry possible in the liquid metal environment can

be exemplified by the family RETM2A110 (TM = Mn, Re, Fe, Ru, 0s). It has a

homogeneous composition while four different crystal structure types are present which

can be considered as stacking variants of each other. REMn2A110 (RE = Y, La-Nd, Sm,

Gd-Dy) and RERe2Allo (RE = Ce, Pr, Sm) crystallize in the tetragonal CaCr2Al|0

structure type;7 RETM2A110 (RE = Y, La-Nd, Sm, Gd-Lu; TM = Fe, Ru, Os) have the

orthorhombic YbFe2A110 structure type;8 and the middle rare earth (Gd, Tb) and late rare

earth (Ho-Lu) analogues of RERe2A110 crystallize in a different stacking variant of the

YbFe2A110 type structure. 7“ ’9

The ternary system RE/Ni/Al is probably one of the most extensively studied

intermetallic systems. There are quite a few ternary families in this system reported in
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the literature, examples include RE4Ni6Al23 (RE = Ce, Sm),lo RENiAl2 (RE = Gd, Dy,

Ho, Er),” RENiA14 (RE = La, Ce, Sm, Tb, Dy, Ho, Er, Tm),”’ ‘2 RE3Ni6Al2 (RE = Y,

Sm, Gd, Dy, Ho, 131),” RENi2A15 (RE = Ce, Pr),” RENi4A1 (RE = La, Ce, Pr, Nd, Sm,

Gd, Dy, Ho, Er),‘5 RENiAl (RE = Ce, Gd, Tb, Ho),l6 RENi3A19 (RE = Gd, Dy, 130,”

RENi2Al3 (RE = Pr, Nd)'8 and RE3Ni5Al|9 (RE = Gd, Yb).‘9 RENiAl crystallizes in the

hexagonal ZrNiAl structure type, and for most rare earth metals, low temperature

ferromagnetic ordering has been observed. 20 Interestingly, it was found that the

incorporation of hydrogen into the crystal lattice of RENiAl drastically reduced the

magnetic ordering temperatures due to modification of the density of electronic states at

the Fermi level.21 YbNiAl was shown to be the first Yb-based example of a heavy-

Ferrnion antiferromagnet with a Neel temperature TN of 3 K.22 Ferromagnetic ordering at

low temperature was also observed for the RENiaAl family, and the location of the

magnetic moments was identified to be within the hexagonal plane.23 In the case of

CeNiaAl, mixed-valence behavior was observed by X-ray photoemission spectroscopy

(XPS) and magnetic susceptibility measurements.24

Most of these RE/Ni/Al compounds were obtained by direct combination

reactions using an arc-welder, and this stimulated us to study the RE/Ni/Al system using

the less common Al flux method. Based on our experience, Al tends to serve as a

reactive solvent, so ternary compounds are expected from this RE/Ni/Al system. In

addition, the metal flux method facilitates the grth of high quality large single crystals,

which not only make the structure determination relatively easier, they also allow

anisotropic measurements of physical properties. Our investigations of the RE/Ni/Al

system employing Al flux led to the discovery of compounds RE3Ni5A119 (RE = Sm, Dy,
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Er, Yb) which crystallize in the orthorhombic Gd3Ni5Allg structure type.19a Among these

compounds Yb3Ni5A119 was reported by Bauer and coworkers in 2004 using Al flux

method and it exhibits intermediate valence behavior.19b We used different reaction

conditions to form Yb3Ni5A139 from that of Bauer et al; additionally, our studies showed

different magnetic behavior of this compound. In this section, we will describe the

crystal growth, structure characterization and physical properties of RE3Ni5A119 (RE =

Sm, Dy, Er, Yb).

5-1-2. Experimental Section

Reagents:

The following reagents were used as obtained: rare earth metals (RE = Sm, Dy,

Er, Yb) (Cerac, 99.9%), Ni (99%, 325 mesh, Sargent, Buffalo Grove, IL), Al (Cerac,

99.5%, -20 mesh).

Synthesis:

In a nitrogen—filled glove box, 1 mmol RE metal (0.15 — 0.18 g), 2 mmol Ni

(0.118 g) and 10 mmol Al (0.270 g) were combined in alumina crucibles. The crucibles

were then placed into silica tubes (13 mm in diameter), which were sealed under vacuum

(~104 Torr). The samples were heated to 1000 °C in 15 h, maintained at this temperature

for 5 h, then cooled to 850 °C in 2 h. They were annealed at 850 °C for 3 (1, followed by

cooling down to 500 °C in 36 h. Finally the temperature was brought down to 50 °C in

10 h. The yield of the reaction for the Yb-analogue was ~50% with the side products
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mainly YbAl3 and Yb1,1Ni3Alg,925; while for the Sm-analogue the yield was 90% and

Sn14Ni6Al23 was the side product.26

Isolation:

The excess aluminum was removed by soaking the crucible in aqueous 5M NaOH

solution overnight. The crystalline product remaining after the isolation procedure was

rinsed with water and acetone. The crystals of RE3Ni5AII9 crystallized in the form of

needles. Single crystals were selected for elemental analysis, X-ray diffi'action, and

physical properties measurements.

Scanning Electron Microscopy and Elemental Analysis:

The crystals were picked and placed on a Scanning Electron Microscope (SEM)

sample plate using carbon tape. Chemical compositions of the products were determined

by Energy Dispersive Spectroscopy (EDS) performed on a JEOL ISM-35C SEM

equipped with a NORAN EDS detector. Data were acquired by applying a 25 kV

accelerating voltage with an accumulation time of 60 s. The atomic ratio for Yb3Ni5Al|9

was determined to be 3 : 5.55 : 19.61 for Yb : Ni : A1, which agreed well with the results

derived from single crystal X-ray analysis. The SEM images of typical crystals of

Sm3N15A139, Er3Ni5Ahg and Yb3N15A139 are shown in Figure 5-1-1. The crystals were

formed with rod or needle morphology, sometimes bundled together.
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Figure 5-1-1. SEM images of typical crystals of Sm3NisA119, Er3NisA119 and Yb3NisA119

grown from Al flux.
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X-ray Crystallography:

Single crystal X-ray diffraction data were collected for RE3Ni5A119 (RE = Sm, Dy,

Er and Yb) at room temperature on a Bruker AXS SMART CCD X-ray diffractometer.

The data collections (Mo Ka radiation, it = 0.71073 A) were acquired covering a full

sphere of reciprocal space. Data acquisition and cell reduction were done with the

SMART27 software package and data processing was performed with the SAINTPLUS

program. 28 An empirical absorption correction was applied to the data using the

SADABS program.29 The structures were solved using direct methods and refined with

the SHELXTL package program.3O Systematic absence conditions led to three possible

space groups: Cmc21, Cmcm and Ama2. The IE2 -1 I value was 0.876 suggesting a

centrosymmetric space group. So Cmcm was chosen and later structural refinement

confirmed this choice. All atomic positions were refined anisotropically. Data collection

parameters and refinement details for Sm3Ni5A119 and Dy3N15A139 can be found in Table

5-1-1. The refinement details for Br and Yb analogs are listed in Table 5-1-2. Atomic

positions, displacement parameters and anisotropic displacement parameters for

RE3N15A119 (RE = Sm, Dy, Er and Yb) are listed in Tables 5-1-3 and 5-1-4.

X-ray powder diffraction data were collected at room temperature on a CPS 120

INEL X-ray diffractometer (Cu K01) equipped with position-sensitive detector.

Experimental powder patterns were compared with the patterns calculated from the single

crystal structure solution (by the CrystalDiffract software program“) to determine the

phase purity.
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Table 5-1-1. Selected crystal data and structure refinement details for Sm3Ni5A139 and

 

 

Dy3Nl5A119.

Empirical formula Sm3Ni5A139 Dy3Ni5A119

Formula weight 1257.22 1293.67

Crystal system Orthorhombic Orthorhombic

Space group Cmcm (#63) Cmcm (#63)

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected

Independent reflections

Completeness to theta = 37.00°

Refinement method

Data / restraints / parameters

2

Goodness-of-fit on F

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a = 4.1013(9) A

b = 16.050(4) A

c = 27.105(6) A

1784.2(7) A3

4

4.680 Mg/m3

15.783 mm"

2292

0.24 x 0.032 x 0.05 mm3

1.50 to 28.05°

-55h55

aoskszo

-35 51534

9577

1228 [R(int) = 0.0380]

97.4 %

a = 4.0747(4) A

b = 15.963206) A

c = 27.029(3) A

1758.1(3) A3

4

4.887 Mg/m3

18.747 mm"

2340

0.22 x 0.18 x 0.26 mm3

1.51 to 27.96°

65hss

-20 s k s 19

8551535

8481

1169 [R(int) = 0.0313]

94.7 %

Full-matrix least-squares on F2

1228 I 0 I 86

1.328

Rl = 0.0256

sz = 0.0577

R1 = 0.0296

sz = 0.0615

1.720 and —2.209 e.A'3

221/2

R1 = 2(IF,|-|P,|)I2|Po|; WR2 = [def— 1331/ [2(WlFol ) 1

111

1169 I 0 I 86

1.440

R1 = 0.0270

sz = 0.0675

R1 = 0.0280

sz = 0.0713

2.114 and -2.371 e.A'3



Table 5-1-2. Selected crystal data and structure refinement details for Er3N15A119 and

 

 

Yb3Ni5A119.

Empirical formula Er3Ni5A119 Yb3Ni5A119

Formula weight 1307.95 1325.29

Crystal system Orthorhombic Orthorhombic

Space group Cmcm (#63) Cmcm (#63)

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected

Independent reflections

Completeness to theta = 37.00°

Refinement method

a = 4.0523(8) A

b = 15.878(3) A

c = 27.927(5) A

1732.6(6) A3

4

5.014 Mg/rn3

20.617 mm"

2364

0.20 x 0.12 x 0.15 mm3

1.50 to 28.36°

-5£h£5

205k520

-35 515 35

8740

1231 [R(int) = 0.0764]

97.5 %

a = 4.0573(2) A

b = 15.8745(9) A

c = 26.936505) A

1734.92(16) A3

4

5.074 Mg/rn3

22.249 mm'1

2388

0.23 x 0.16 x 0.09 mm3

1.51 to 28.23°

-55h55

405k520

-34 515 35

9907

1228 [R(int) = 0.0332]

98.2 %

Full-matrix least-squares on F2

Data / restraints / parameters 1231 / 0 / 86 1228 / 0 / 86

Goodness-of-fit on F2 1.739 1.209

Final R indices [I>23igma(l)] R1 = 0.0499 R1 = 0.0217

wR2 = 0.1172 wR2 = 0.0428

R indices (all data) R1 = 0.0533 R1 = 0.0243

wR2 = 0.01371 wR2 = 0.0434

Largest diff. peak and hole 5.790 and —2.757 e.A'3 1.335 and -2.178 e.A”3
 

2 2

R1 = 2(lFol'chll/ZIFol§ WRZ = [2[W(Fo ' Fc ]/ [2(WIF01
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Table 5-1-3. Atomic coordinates (A x 104) and equivalent isotropic displacement

parameters (A2 x 103) for Sm3Ni5A119 and Dy3N15A139.

 

 

Atom Wyk. x y z U(eq)‘

Sm(1) 4c 0 3865(1) 2500 7(1)

Sm(2) 8f 50% 6685(1) 3649(1) 6(1)

Ni(1) 8f 0 6597(1) 4581(1) 6(1)

Ni(2) 8f -5000 5531(1) 5835(1) 8(1)

Ni(3) 4c -5000 5450(1) 2500 7(1)

Al(1) 8f 0 5949(1) 5370(1) 9(1)

Al(2) 8f 0 5780(1) 2982(1) 9(1)

Al(3) 8f 0 7917(1) 4118(1) 8(1)

Al(4) 8f -5000 7345(1) 4717(1) 8(1)

Al(5) 8f 0 3702(1) 3654(1) 9(1)

Al(6) 8f -5000 2758(1) 3067(1) 10(1)

Al(7) 8f -5000 4321(1) 5302(1) 9(1)

Al(8) 4c -5000 6929(2) 2500 9(1)

Al(9) 8f 0 5364(1) 4001(1) 9(1)

Al(10) 8f 60% 4649(1) 3265(1) 10(1)

Dy(1) 4c 0 3883(1) 2500 7(1)

Dy(2) 8f ~5000 6659(1) 3648(1) 6(1)

Ni(1) 8f 0 6595(1) 4575(1) 6(1)

Ni(2) 8f -5000 5537(1) 5845(1) 8(1)

Ni(3) 4c -5000 5454(1) 2500 7(1)

Al(1) 8f 0 5941(2) 5368(1) 9(1)

Al(2) 8f 0 5799(2) 2983(1) 9(1)

Al(3) 8f 0 7909(2) 41 12(1) 8(1)

Al(4) 8f -5000 7343(2) 4716(1) 8(1)

Al(5) 8f 0 3702(2) 3651(1) 9(1)

Al(6) 8f -5000 2766(2) 3064(1) 9(1)

Al(7) 8f -5000 4325(2) 5310(1) 9(1)

Al(8) 4c -5000 6939(2) 2500 9(1)

Al(9) 8f 0 5369(2) 3993(1) 9(1)

Al(10) 8f -5000 4650(2) 3259(1) 10(1)
 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

113



Table 5-1-4. Atomic coordinates (A x 104) and equivalent isotropic displacement

parameters (A2 x 103) for Er3Ni5Allo and Yb3Ni5Altg.

 

 

Atom Wyk. x y z U(eq).

Er(l) 4c 0 3892(1) 2500 4(1)

Er(2) 8f -5000 6663(1) 3647(2) 4(1)

Ni(l) 8f 0 6586(1) 4573(2) 4(1)

Ni(2) 8f -5000 5540(1) 5853(2) 5(1)

Ni(3) 4c -5000 5454(2) 2500 4(1)

Al(1) 8f 0 5930(3) 5373(2) 6(1)

Al(2) 8f 0 5801(3) 2984(2) 5(1)

Al(3) 8f 0 7907(3) 41 10(2) 4(1)

Al(4) 8f -5000 7348(3) 4713(2) 5(1)

Al(5) 8f 0 3698(3) 3645(2) 6(1)

Al(6) 8f —5000 2770(2) 3063(2) 6(1)

Al(7) 8f —5000 4334(2) 5316(2) 5(1)

Al(8) 4c -5000 6941 (4) 2500 6(1)

Al(9) 8f 0 5364(3) 3986(2) 6(1)

Al(10) 8f -5000 4649(3) 3253(2) 6(1)

Yb(l) 4c 0 3912(1) 2500 5(1)

Yb(2) 8f -5000 6664(1) 3646(1) 4(1)

Ni(l) 8f 0 6591(1) 4581(1) 4(1)

Ni(2) 8f -5000 5534(1) 5850(1) 5(1)

Ni(3) 4c -5000 5473(1) 2500 5(1)

Al(1) 8f 0 5937(1) 5377(1) 6(1)

Al(2) 8f 0 5826(1) 2983(1) 6(1)

Al(3) 8f 0 7904(1) 4105(1) 6(1)

Al(4) 8f -5000 7347(1) 4710(1) 6(1)

Al(5) 8f 0 3700(1) 3642(1) 7(1)

Al(6) 8f -5000 2785(1) 3062(1) 7(1)

Al(7) 8f ~5000 4327(1) 5317(1) 6(1)

Al(8) 4c -5000 6968(2) 2500 7(1)

Al(9) 8f 0 5381(1) 3983(1) 7(1)

_ Al(10) 8f -5000 4662(1) 3253(1) 6(1)
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Table 5-1-5. Anisotropic displacement parameters (A2 x 103) for Sm3Ni5A119 and

 

 

Dy3N15A119.

Atom U11 U22 U33 U23 U13 U12

Sm(1) 8(1) 7(1) 6(1) 0 0 0

Sm(2) 6(1) 6(1) 5(1) 0(1) 0 0

Ni(l) 7(1) 6(1) 6(1) 0(1) 0 0

Ni(2) 8(1) 7(1) 9(1) -1(1) 0 o

Ni(3) 8(1) 7(1) 6(1) 0 0 0

Al(1) 12(1) 10(1) 5(1) 3(1) 0 0

Al(2) 7(1) 14(1) 6(1) -2(1) 0 0

Al(3) 9(1) 6(1) 9(1) 1(1) 0 o

Al(4) 7(1) 8(1) 8(1) -2(1) 0 0

Al(5) 11(1) 8(1) 9(1) 0(1) 0 0

Al(6) 5(1) 5(1) 7(1) 0 0 4(1)

Al(7) 10(1) 12(1) 7(1) 2(1) 0 o

Al(8) 12(1) 8(1) 8(1) 0 0 0

Al(9) 9(1) 8(1) 11(1) 1(1) 0 0

Al(10) 10(1) 11(1) 7(1) 0(1) 0 0

Dy(1) 9(1) 5(1) 6(1) 0 0 0

Dy(2) 8(1) 5(1) 6(1) 0(1) 0 0

Ni(l) 8(1) 5(1) 6(1) 0(1) 0 0

Ni(2) 10(1) 5(1) 9(1) 0(1) 0 0

Ni(3) 10(1) 5(1) 6(1) 0 0 0

Al(1) 14(1) 8(1) 5(1) 2(1) 0 0

Al(2) 8(1) 13(1) 5(1) -1(1) 0 0

Al(3) 9(1) 4(1) 9(1) 1(1) 0 0

Al(4) 8(1) 7(1) 9(1) -3(1) 0 0

Al(5) 12(1) 6(1) 9(1) 1(1) 0 0

Al(6) 11(1) 9(1) 7(1) 2(1) 0 0

Al(7) 10(1) 6(1) 12(1) 0(1) 0 0

Al(8) 12(1) 6(1) 1 1(2) 0 0 0

Al(9) 10(1) 6(1) 12(1) 2(1) 0 o

Al(10) 12(1) 9(1) 9(1) 1(1) 0 0
 

The anisotropic displacement factor exponent takes the form:

-21r2[hza*2Ull+...+2hka*b*U12]
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Table 5-1-6. Anisotropic displacement parameters (A2 x 103) for Er3Ni5Altg and

 

 

Yb3N15A119.

Atom U11 U22 U33 U23 U13 U12

Er(l) 6(1) 6(1) 0(1) 0 o 0

Er(2) 6(1) 6(1) 0(1) 0(1) 0 o

Ni(l) 5(1) 6(1) 0(1) 0(1) 0 o

Ni(2) 7(1) 6(1) 1(1) -1(1) 0 0

Ni(3) 8(1) 5(1) 0(1) 0 0 0

Al(1) 10(2) 9(2) 0(2) 4(2) 0 0

Al(2) 6(2) 10(2) 0(2) -1(2) 0 0

Al(3) 6(2) 6(2) 0(2) 1(2) 0 0

Al(4) 6(2) 8(2) 0(2) -2(2) 0 0

Al(5) 7(3) 10(3) 0(3) 0 0 0

Al(6) 8(2) 7(2) 4(2) 2(2) 0 0

Al(7) 7(2) 7(2) 2(2) -2(2) 0 0

Al(8) 7(3) 10(3) 0(3) 0 0 0

Al(9) 8(2) 7(2) 4(2) 2(2) 0 o

Al(10) 9(2) 7(2) 0(2) 1(2) 0 0

Yb(l) 6(1) 5(1) 3(1) 0 0 0

Yb(2) 5(1) 5(1) 4(1) 0(1) 0 0

Ni(l) 4(1) 4(1) 4(1) 0(1) 0 0

Ni(2) 6(1) 5(1) 5(1) 0(1) 0 0

Ni(3) 6(1) 5(1) 4(1) 0 0 0

Al(1) 10(1) 8(1) 1(1) 4(1) 0 0

Al(2) 5(1) 10(1) 4(1) -1(1) 0 0

Al(3) 7(1) 6(1) 6(1) 0(1) 0 0

Al(4) 6(1) 6(1) 6(1) -1(1) 0 0

Al(5) 8(1) 7(1) 6(1) -1(1) 0 0

Al(6) 9(1) 7(1) 5(1) 0(1) 0 0

Al(7) 6(1) 4(1) 7(1) 0(1) 0 0

Al(8) 7(1) 7(1) 6(1) 0 0 0

Al(9) 7(1) 7(1) 8(1) 1(1) 0 0

Al(10) 8(1) 5(1) 7(1) 1(1) 0 0
 

The anisotropic displacement factor exponent takes the form:

-21t2[h2a*2U '+. . .+2hka*b*U'2]
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Table 5-1-7. Bond distances (A) for RE3N15A119 (RE = Sm, Dy, Er, Yb).

 

 

Bond Distance Bond Distance

Sm(1)-Al(5) x2 3.139(2) RE(2)-Al(4) 3.099(2)

Dy(1)-Al(5) 3.125(3) 3.086(3)

Er(l )-Al(5) 3.099(4) 3.068(4)

Yb(1)-Al(5) 3.095(2) 3.063(2)

RE(l)-Al(6) x4 3.1187(16) RE(2)-Ni(l) 2.379(2)

3.1066(18) 3.2296(9)

3.095(3) 3.2137(16)

3.1002(15) 3.2353(7)

RE(1)-Al(8) 3.107(3) Ni(1)-Al(1) 2.379(2)

3.103(4) 2.386(3)

3.097(6) 2.393(5)

3.086(3) 2.382(2)

RE(1)-Al(10) x4 3.1762(17) Ni(1)-Al(7) x2 2.5433(14)

3.139(2) 2.5308(16)

3.108(3) 2.516(3)

3.1048(16) 2.5128(13)

RE(1)-Ni(3) 3.2679(12) Ni(2)-Al(5) x2 2.7638(16)

3.2320(12) 2.7349(19)

3.203(2) 2.719(3)

3.2023(10) 2.7322(15)

RE(2)-Al(2) 3.0742(12) Ni(2)-Al(9) x2 2.5429(14)

3.044(2) 2.5360(16)

3.028(3) 2.520(3)

3.0126(15) 2.5356(13)
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Table 517. (Continued) bond distances (A) for RE3Ni5A139 (RE = Sm, Dy, Er, Yb).

 

 

Bond Distance Bond Distance

RE(2)-Al(3) 3.1486(17) Ni(3)-Al(2) x4 2.4885(13)

3.1157(19) 2.4819(15)

3.092(3) 2.471(3)

3.0844(15) 2.4747(12)

Ni(3)-Al(10) x2 2.439(2) Al(3)-Al(4) x2 2.772(2)

2.419(3) 2.763(3)

2.396(4) 2.743(4)

2.402(2) 2.7477(19)

Al(4)-Al(4) x2 2.609(3) Al(3)-Al(5) x2 2.715(2)

2.600(3) 2.702(2)

2.594(5) 2.693(4)

2.606(3) 2.6964(19)

Al(7)-Al(7) 2.725(4) Al(4)-Al(7) 2.675(3)

2.731(5) 2.664(3)

2.714(8) 2.673(6)

2.735(4) 2.657(3)

Al(7)-Al(9) x2 2.834(2) Al(5)-Al(10) x2 2.762(2)

2.817(3) 2.751(2)

2.805(4) 2.739(4)

2.809(2) 2.7473(19)

Al(6)-Al(8) x2 2.888(2)

2.866(2)

2.852(4)

2.8433(19)
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Physical Properties Characterization:

Magnetic measurements were conducted on a single crystal of Sm3Ni5A119 and

polycrystalline samples of Er3N15A119 and Yb3NisA119. Field-cooled and zero-field

cooled dc magnetization measurements were performed for the above samples using a

Quantum Design MPMS SQUID magnetometer. For polycrystalline samples, EDS-

analyzed crystals were ground into powder, sealed in a kapton tape and placed into the

magnetometer by using a straw. Thermal dependent data were collected in the

temperature range of 5 ~ 400 K at 1000 G, while field dependent magnetic

measurements, conducted at 5 K, were carried out in fields up to i 55000 G. The

magnetic contributions from the core diamagnetism and kapton tape were subtracted for

correction.

Electrical resistivity was measured over the temperature range 5 K ~ 300 K using

a four-probe dc technique with contacts made using silver paste on a pressed-pellet

sample of Sm3N15A119. Single crystals of Sm3Ni5A119 were selected, ground into powder

and pressed into a pellet of 3 mm length, 2 mm width and 0.2 mm thickness. The pellet

sample was annealed at 350 0C for 3h. Thermopower data were collected on single

crystals of Sm3N15A119 from 300 K to 400 K with a MMR Technologies, Inc. Seebeck

measurement system.

5-1-3. Results and Discussion

Synthesis:

Gd3N15A119 — the first member belonging to the RE3N15A119 family, was

synthesized by arc-melting stoichiometric amounts of the elements followed by annealing
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at 800 °C for two weekslga Our systematic explorations on the system Yb/Ni/Al using

Al as a flux led to the discovery of the second member of this family — Yb3N15A119.

This phase is very stable and it was formed with a variety of Yb : Ni ratios fi'om 1:1 to

1:2 to 2:1. The reaction with equal amount of Yb and Ni produced Yb3Ni5A139 in 70%

yield, and the side products were mainly YbAl3. Bauer has shown that Yb3N15A119 could

be synthesized by loading equal amount of Yb and Ni in liquid A1, then heating the

samples up to 1100 °C and slowly cooling down to 600 °C at which point excess Al was

removed by centrifuging.19b However no yield or phase purity was given in the paper.

Our experimental studies show that larger single crystals of Yb3N15A139 could be obtained

when the ratio of Yb : Ni was 1 : 2 or 2 : 1, however under these conditions another

ternary compound formed— YbHNi3Algg, which is a new phase and will be described in

Part II of this chapter.

The synthesis of the Sm-analogue is noteworthy. Reactions with equal amount of

Sm and Ni (1 : 1) led to the formation of a pure phase of SmaNi6Al23, which belongs to

the family R52n+mT4n+mA115n+4m with m = 2, n = 1.26 This family will be described in

more detail in the crystal structure section. When extra amount of Ni was added to have

a ratio of Sm : Ni as l : 2, powder X-ray diffraction indicated that the major phase was

Sm3N15A139, shown in Figure 5-1-2A. Most experimental Bragg peaks match fairly well

with the ones calculated from single crystal X—ray data of Sm3Ni5A119 except for a weak

peak at 22° in 20. This peak belongs to SmaNi6A123, the other peaks of which overlap

with the ones of Sm3Ni5A119. Even the reaction with stoichiometric amount of Sm and Ni

(1:1.67) could not avoid this problem. Sm3N15A119 and Sn14N16A123 could not be

distinguished by their crystal habits because both of them crystallize in needles.
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Figure 5-1-2. A) Powder X-ray diffraction pattern of Sm3Ni5A119 compared with the

calculated pattern. B) Powder X-ray diffraction pattern of a single crystal of Sm3Ni5A119

compared with the calculated pattern.
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Attempts to make the other rare earth analogs of RE3Ni5A119 were not successful so far;

instead stable binaries such as REA13 and N186A114 formed.

Crystal Structure:

All four compounds — Sm3Ni5A119, Dy3N15A139, Er3NisA119 and Yb3N15A139

crystallize in the Gd3NisA119 structure typewa According to Gladyshevskii, Gd3Ni5Allg

belongs to the series RE2n+mT4n+mA115n+4m where n is the number of the RE2T4A115 slab

and m is the number of the RENiA14 slab. The monoclinic structure of RE2T4A115, shown

in Figure 5-1-3A, is hypothetical since no crystallographic data has been observed. The

RENiAla slab crystallizes in the YNiAla structure type and is depicted in Figure 5-1-3D.32

Both the RE2T4A115 slabs and the YNiAla slabs can be considered to form from the

stacking of RE-centered pentagonal prisms and T-centered trigonal prisms. Gd3Ni5A119 is

the simplest member in this family with m = l, n = 1. So the structure of Gd3N15A119 can

be considered as intergrowth of two kinds of slabs, one deriving from the orthorhombic

YNiAla lattice and the other one corresponding to the translation unit of a hypothetical

RE2T4A115 lattice. Another member of this family was identified as monoclinic

Y4Ni6Al23 with n = 1, m = 2, shown in Figure 5-1-3B.33

RE3Ni5Altg crystallizes in an orthorhombic space group Cmcm with two

crystallographically independent RE sites, three Ni sites and ten Al sites. All atomic sites

are fully occupied and no disorder is observed in the structure. It is evident from Tables

5-1-1 and 5-1-2 that from Sm to Dy to Er, the unit cell parameters decrease as expected

(known as “Lanthanide Contraction”). However an anomaly is found in the Yb analogue
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Figure 5-1-3. A) Structure of RE2N14A115 (hypothetical) along the b-axis. B) Structure of

Y4Ni6Al23 along the b-axis. C) Structure of Gd3Ni5A119 along the a-axis. D) Structure of

YNiAla along the a-axis. Large empty circles: rare earth element; medium gray circles:

Ni; black circles: A1.
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i. e. the cell volume of the Yb-analogue is larger than that of the Er analogue, suggesting

that the Yb ions are in a divalent or at least an intermediate valence state which will be

discussed in detail in the physical properties section.

For the structure description of RE3N15A119 we will use the Yb analogue as an

example. The whole structure can be viewed in polyhedra of three Ni sites with Yb

atoms sitting in the channels down the a-axis (Figure 5-1-4). The channel is composed of

two Ni(l) polyhedra, four Ni(2) polyhedra and two Ni(3) polyhedra. These channels

form columns along the b-direction by sharing Ni polyhedra. Each unit cell contains two

such columns, rotated by 180° with respect to each other. Inside the channel, the

polyhedra of Ni atoms are interconnected by bridging Al(6) atoms with Al(6)-Al(6) bond

distance of 2.939(3) A.

The local coordination environments of three Ni sites and two Yb sites are shown

in Figure 5-1-5. All three Ni sites are sitting in matrixes composed of Al atoms with

coordination numbers of 8, 9 and 7, respectively. The Ni(l) atom is bonded to eight Al

atoms with Ni-Al bond distance ranging from 2.3 82(2) to 2.548(2) A. The Ni(2) atom is

sitting in a tri-capped trigonal prism composed of nine A1 atoms with Ni-Al bond

distance in a similar range as the Ni(l) atom. This tri-capped trigonal prism geometry is

often seen in other transition metal aluminides, such as C02A15.34 The Ni(3) atom is

coordinated by seven A1 atoms with one trianglular face composed of one Al(8) and two

Al(2) atoms, the other face being a parallelogram containing two Al(2) and two Al(10)

atoms.

The two Yb sites have similar coordination geometry: both of them are in a penta-

capped pentagonal prism composed of thirteen Al atoms and two Ni atoms. The

124



geometry of Yb(2) atom, however is slightly more distorted than the Yb(l) atom (Figure

5-1-5D & E). The distance between Yb(l) and Al atoms ranges from 3.085(3) to

3.306(2) A, while for Yb(2) atoms, the range is slightly broader which is from 3.0126(15)

to 3.3516(20) A. Obviously in this compound we cannot assess a size difference for the

two Yb ions by comparing Yb-Al bond distances.

Physical Properties:

Initially magnetic measurements of Sm3Ni5Altg were conducted on

polycrystalline samples ground from single crystals. Ferromagnetic behavior was found

with magnetic susceptibility xm = 0.35 113 at 5 K. This behavior was also supported by

the fact that single crystals were attracted to a magnet. To confirm this observation, a

large crystal of Sm3Ni5A119 about 3 mg was selected for the magnetic measurements.

Powder X-ray diffraction analysis on this crystal showed that every Bragg peak matched

with the calculated one for Sm3NisA119 (Figure 5-1-2B). The magnetic measurements

obtained from this single crystal indicated paramagnetic instead of ferromagnetic

behavior. Thus the observed ferromagnetic behavior of the ground sample was most

likely caused by impurities. To avoid Ni particles attaching on the surface of the crystals,

the crystals were sonicated in acetone for ten minutes. After the crystals were dry, we

found that fewer of them were attracted to the magnet. Attempts to further clean the

crystals with aqua-regia failed since acid attacked the sample.
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Figure 5-1-4. The structure of Yb3Ni5A119 in polyhedral view down the a-axis.

Large circles: Yb; black circles: Al; gray circles: Ni.
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The temperature dependent magnetic susceptibility of Sm3N15A119 measured on a

single crystal sample with the a-axis perpendicular and parallel to the external magnetic

field are shown in Figures 5-1-6A and 5-1-7A, respectively. With the applied field

perpendicular to the a-axis, Sm3N15A139 first undergoes a ferromagnetic transition at ~150

K and then an antiferromagnetic transition at the low temperature about 5 K.

Interestingly we did not observe the curvy feature in the inverse magnetic susceptibility

data due to the close spacing of the 6H5/2 and 6H7/2 multiplet levels.35 Instead, above 300

K, this material follows the Curie-Weiss Law with an effective magnetic moment of 2.36

113. This number is much larger than the theoretical value for Sm3+ ions (um = 1.46 pa

per formula), and the reason might be due to the effect of the low-lying excited levels.

The transition from ferromagnetic to antiferromagnetic state is supported by the

field dependent magnetization data, Figure 5-1-6B. The moments are rapidly aligned

with the applied field indicating a ferromagnetic state until 2000 G; then the

magnetization increases more slowly in a linear function until 55000 G which is not

enough to saturate the spins.

When the field is applied parallel to the a-axis of Sm3Ni5Altg, no

antiferromagnetic transition is found at low temperature; besides, the hump at 150 K

indicates that the ferromagnetic interaction is much weaker (Figure 5-1-7A). However

the higher temperature data is very similar to those obtained with the field perpendicular

to the a-axis: a Curie-Weiss behavior is found between 320 K to 400 K with an effective

magnetic moment of 2.45 up. This orientation dependent behavior implies that the

magnetic spins are confined to the bc-plane. When the external field is parallel to the a-
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axis, i.e. perpendicular to the magnetically ordered spins, the spins are forced out of the

plane by the external field which suppresses the ferro- or antiferromagnetic ordering.

Figure 5-1-8A shows the temperature dependence of the electrical resistivity p(T)

of Sm3Ni5A119, which indicates metallic behavior of this material. The resistivity value at

room temperature is about 550 ufl-cm, and it decreases with decreasing temperature until

it reaches a plateau of 400 uQcm below 20 K. The thermoelectric power, shown in

Figure 5-1-8B, is about 3 uV/K at room temperature. The small magnitude of

thermopower is also indicative of the metallic system of Sm3Ni5Altg; and the positive

values suggest a p-type material.

The temperature dependent magnetic susceptibility for Er3N15A119 is plotted in

Figure 5-1-9A. This material shows Curie-Weiss behavior from 50 K to 400 K without

obvious magnetic ordering at low temperatures. The um value, obtained from fitting the

data to the Curie-Weiss law, is 16.2 113 (per formula), in excellent agreement with the

theoretical value for Er3+ (16.6 up). This indicates that Ni atoms do not contribute to the

magnetic moment. The very low 0 value (-1.85 K) implies weak antiferromagnetic

interaction between the Er atoms. Figure 5-1-9B shows the isothermal magnetization

behavior of Er3Ni5A119 at different temperatures (5 K and 100 K). In both cases, the

magnetization increases gradually with applied external field which is characteristic of

the paramagnetic material; and no sign of saturation is observed up to 55000 G.

The temperature dependent magnetic susceptibility for Yb3Ni5A119 is shown in

Figure 5-1-10A. From the temperature range 5~300 K, this compound shows

paramagnetic behavior; above 80 K, the magnetic susceptibility follows the Curie-Weiss

law with an effective magnetic moment um = 6.77 113. This value is smaller than the
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theoretical value for Yb3+ ion (7.86 1113 per formula), which could be an indication of

mixed valent behavior of the Yb ions. This observation is also supported by the

comparison of the unit cell parameters between Er3Ni5A119 and Yb3N15A119. If the Yb

ions were in a 3+ oxidation state as the Er ions, we would expect to see a unit cell

parameter contraction from the Er analogue to the Yb analogue; however the cell volume

of the Yb analogue is larger than that of the Er analogue, implying either a divalent or an

intermediate valence state of the Yb ions. The unusual negative large Weiss constant 0 (-

551.2 K) indicates strong antiferromagnetic interaction between the Yb ions; however, no

magnetic ordering was observed down to 5 K. Bauer and his coworkers also claimed to

observe intermediate valence behavior of Yb ions in Yb3Ni5A119:l9b the calculated

effective magnetic moment was found to be 7.36 113, lower than the theoretical value of

Yb3+ (7.86 113); a broad hump in the temperature dependent magnetic susceptibility data

was present at ~100 K, which is typical of intermediate valence system. 36 Our

experimental results did not show the broad hump at low temperatures; and our effective

magnetic moments (Herr = 6.77 113, 0 = -551.2 K) are slightly different from the results

reported by Bauer ((Hcff = 7.36 113, 0 = -731 K). These differences might be due to

experimental error or differences in the samples because of different reaction conditions

employed in the synthesis; however they all support the argument that Yb atoms in

Yb3Ni5Altg are in intermediate valence states.
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magnetic field.
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5-1-4. Conclusions

We have presented in this part the compounds RE3Ni5A119 (RE = Sm, Dy, Br and

Yb) synthesized by the molten Al method. This series of compounds crystallize in the

Cmcm space group with the Gd3Ni5Al|9 structure type. The discovery of these

compounds proves the power of the metal flux method to grow high quality large single

crystals of intermetallics.

For all the compounds the magnetic moments are from the RE ions and the Ni

atoms have filled d-orbitals. The Sm-analogue shows interesting magnetic properties: it

has two different magnetic orderings occurring at 5 K (antiferro-) and 150 K (ferro-) with

the applied magnetic field perpendicular to the a-axis. When the applied field is parallel

to the a-axis, these transitions are much less obvious and we argue that this effect is

because the spins are confined to the bc-plane. In the case of Er and Yb analogues,

negative Weiss constant 0 values imply antiferromagnetic interactions although no

magnetic ordering is observed in both cases. Magnetic susceptibility measurements

indicate that the Yb ions of Yb3Ni5Al|9 are in intermediate oxidation state of Yb2+ and

Yb3+ which is in agreement with a previous report by Bauer.
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CHAPTER FIVE

Exploratory Studies on the Ternary System RE/Ni/Al

Employing A] as a Flux

PART II. Flux Synthesis and Characterization of a New Ternary Phase

th.tNi3Als.9

5-2-1. Introduction

In the last two decades, there has been increasing interest in Yb-containing

intermetallic compounds due to a variety of interesting properties they display such as

heavy fermion,l intermediate valence2 and Kondo lattice behavior.3 These characteristics

are associated with the fact that for this element 4f'3 and 4f‘4 electronic states are close in

energy and they hybridize very easily with the conduction electrons. In spite of the

interesting properties, studies on Yb-based compounds are very limited, possibly because

of the difficulty in synthesizing Yb-containing compounds due to the high vapor pressure

of this element.4 To overcome this problem, we suggested using metal (A1, Ga, In) as a

flux to synthesize Yb-based compounds. 5 This method allows the reaction to be

conducted below 1000 °C, much lower than the traditional method (induction furnace,

arc-welder). Besides this high temperature solution facilitates the growth of single

crystals; thus allowing the structure determination to be much easier and more reliable.

One of the systems which people have been interested in is the ternary family Yb-

TM-X (TM = transition metal, X = A1, Ga, In). Steglich and coworkers have investigated

tentatively the Yb-Ni-Al ternary phase diagram which is shown in Figure 5-2-1.6 A

slightly curved line starting near YbNi and passing close to szNizAl and YbNiAl
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separates the region with mixed valent Yb (on the Yb and Al-rich side) from the region

with trivalent Yb (on the Ni-rich side). The valence of Yb for szNizAl is between +3

and +2; studies of szNizAl indicate that it is a heavy fermion compound without any

indication of magnetic ordering down to 2 K.6 YbNiAl orders antiferromagnetically and

shows metamagnetic behavior in a magnetic field.7 YbNiAlz shows a magnetically

ordered ground state with stable trivalent Yb ions.6 Although Steglich and his coworkers

claimed that they found a simple composition dependence of the Yb-valence in the

ternary Yb-Ni-Al system as depicted in Figure 5-4-1, some compounds such as

Yb3Ni5A119 do not fit into this diagram.8 Yb3Ni5A119 is a member of the RE3N15A119

family which was described earlier in this dissertation and also reported by Bauer and

coworkers. According to the phase diagram by Steglich, the Yb ions in this compound

are trivalent (Yb 11.1%, Ni 18.5%, A1 70.4%), however magnetic susceptibility

measurements indicated intermediate valence behavior of the Yb ions.

Previous studies employing the Al flux method reveal that Al tends to serve as a

reactive solvent which usually incorporates into the product.9 Therefore Al flux is an

appropriate tool to synthesize ternary compounds in the Yb-Ni-Al system. Our

exploratory studies on this system led to the discovery of a new ternary compound

YbHNi3A139, which is a disordered variant of the ErNi3A19 structure type.10 Herein we

report synthesis, crystal structure and magnetic properties of Yb._1Ni3A13,9.
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A1 phase diagram. Closed symbols: trivalent Yb; open symbols: mixed valent of Yb.

Dotted line indicates the border between mixed-valent and trivalent Yb.

5-2-2. Experimental Section

Reagents:

The following reagents were used as obtained: Yb (Cerac, 99.9%), Ni (99%, 325

mesh, Sargent, Buffalo Grove, IL), A1 (Cerac, 99.5%, -20 mesh).

Synthesis:

In a nitrogen-filled glove box, the reaction mixture containing 1 mmol Yb metal

(0.173 g), 2 mmol Ni (0.118 g), 10 mmol Al (0.270 g) was combined into an alumina

crucible. The crucible was then placed into a silica tube (13 mm in diameter), which was

sealed under vacuum (~10‘4 Torr). The sample was subjected to the following treatment:

it was heated to 1000 °C in 15 h, maintained at this temperature for 5 h, and then cooled
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to 850 °C in 2 h. It was annealed at 850 °C for 3 (1, followed by cooling down to 500 °C

in 36 h. Finally the temperature was brought down to 50 °C in 10 h. YbHNi3Alge

crystallized as a major phase in 50% yield with Yb3N15Al|9 and YbAl3 as minor phases.

The excess aluminum was removed by soaking the crucible in aqueous 5M NaOH

solution overnight. The remaining crystalline products after the isolation procedure were

rinsed with water and acetone. Single crystals were selected for elemental analysis, X-

ray diffraction and magnetic susceptibility measurements.

Scanning Electron Microscopy and Elemental Analysis:

The crystals were picked and affixed on a Scanning Electron Microscope (SEM)

sample plate using carbon tape. Chemical compositions of the products were determined

by Energy Dispersive Spectroscopy (EDS) performed on a JEOL JSM-35C SEM

equipped with a NORAN EDS detector. Data were acquired by applying a 25 kV

accelerating voltage with an accumulation time of 30 5. Several crystals were analyzed

and averaged with the resulting approximate atomic ratio of l : 3.25 : 8.92 for Yb : Ni :

Al, which agreed fairly well with the results derived from the single crystal X-ray

analysis. The crystals of YbHNi3A139 are metallic with shiny and smooth surfaces, as

shown in Figure 5-2-2.
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Figure 5-2-2. SEM image of a typical crystal of YbHN13A189.

X—ray Crystallography:

X-ray diffraction data were collected at 173 K on a Bruker AXS SMART CCD X-

ray diffractometer. A single crystal 0fo]_|N13A13_9 with the size 0.24 x 0.16 x 0.16 mm3

was cut from a larger crystal and mounted on glass fibers. A data collection (Mo Ka

radiation, A = 0.71073 A) was acquired covering a full sphere of reciprocal space. The

SMARTll software was used for data acquisition and cell reduction, and the integration

was performed with the SAINTPLUS software package.12 An empirical absorption

correction was applied to the data using the SADABS program.[3 The structures were

solved using direct methods and refined with the SHELXTL package program.14

Five space groups were given by XPREP program as possible candidates: R-3,

R3, R3m, R32, R-3m. Initially two centrosymmetric space groups R-3 and R-3m were

examined which also have the lowest CFOM values. However no satisfactory solutions
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could be obtained. So the chiral space group R32 was chosen which was consistent with

that of ErNi3A19 reported by Gladyshevskii.10 In the structure of Yb 1, 1N13A139 a total of

nine atomic sites were identified. The 6c Yb(l) site, I8fNi(l) site, 18fAl(l), 9d Al(3),

and three 6c Al sites — Al(4), Al(5) and Al(6) were assigned unambiguously and found

fully occupied. Disorder was observed between the Yb(2) and Al(2) atoms: the distance

between the Yb(2) and Al(2) atoms was found be to very close at 1.522(2) A;

furthermore, both sites were found partially occupied with Yb(2) 10% and Al(2) 90%.

So the Yb(2) and Al(2) sites were constrained to make the occupancy sum of Yb(2) and

Al(2) equal to 1. Similar disorder was observed in the isostructural compounds YNi3A19

and DyNi3A19, while in both cases an additional Al(7) site was found which also

exhibited partially disordered arrangements with RE(l) atom in a triangular mesh.lo

Interestingly the Er and Gd analogues have ordered arrangements of rare earth and

aluminum triangles: only one RE site, one Ni site and six Al sites were identified and all

were refined fully occupied.

In the structure of Yb],.Ni3A13_9, all atomic sites were refined anisotropically.

Data collection parameters and refinement details for YbHN13A139 can be found in Table

5-2-1. Atomic positions, displacement parameters and anisotropic displacement

parameters are listed in Tables 5-2-2 and 5-2-3.

X-ray powder diffraction data were collected at room temperature on a CPS 120

INEL X-ray diffractometer (Cu Ka) equipped with a position-sensitive detector.

Experimental powder patterns were compared to the patterns calculated from the single

crystal structure solution (by the CrystalDiffract15 software program) to determine the

phase identity and purity.
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Table 5-2-1. Selected crystal data and structure refinement details for Yb.,1Ni3Alg_9.

 

 

Empirical formula YbHNi3A139

Formula weight 591.99

Crystal system Rhombohedral

Space group R32 (#155)

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected

Independent reflections

Completeness to theta = 28.12

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2$igma(l)]

R indices (all data)

Largest diff. peak and hole

a = 7.2314(4) A

c = 27.140(3) A

1229.1 1(17) A3

6

4.799 Mg/m3

18.975 mm"

1626

0.24 x 0.16 x 0.16 mm3

3.34 to 28.12°

95h59

osks9

8651535

3654

635 [R(int) = 0.0522]

95.5 %

Full-matrix least-squares on F2

635 / O / 42

1.211

R. = 0.0260, wR2 = 0.0606

R1 = 0.0267, wR2 = 0.0616

2.299 and —1.840 e.A'3

221/2

R1 = 2(lrol-lrclyzlrol; wR2 = [Z[W(Foz' Fc2]/ [2(wlFoI ) 1
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Table 5-2-2. Atomic coordinates (A x 104) and equivalent isotropic displacement

parameters (A2 x 103) for YbHNi3A139.

 

 

 

 

 

Atom Wyk. x y z U(eq)t Occu

Symbol

Yb(l) 6c 0 O 1668(1) 10(1) 1

Ni 18f 3334(2) 48(2) 861(1) 7(1) 1

Al(1) 18f 3329(4) 3348(4) 1003(1) 9(1) 1

Al(3) 9d 3340(3) 0 0 9(2) 1

Al(4) 6c 0 0 522(1) 8(1) 1

Al(5) 6c 0 0 2815(1) 8(1) 1

Al(6) 6c 0 0 3865(1) 9(1) 1

Yb(2) 3b 0 0 5000 3(1) 0.097

A142) 9e 2 1 05(3) 0 5000 3(1) 0.903

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Table 5-2-3. Anisotropic displacement parameters (A2 x 103) for Yb1,1Ni3A18_9.

Atom Ull U22 U33 U23 U13 U12

Yb(l) 11(1) 11(1) 8(1) 0 0 5(1)

Ni 8(1) 8(1) 5(1) 0(1) 0(1) 4(1)

Al(1) 7(1) 9(1) 13(2) 4(1) 1(1) 4(1)

Al(3) 10(1) 11(2) 8(2) -1(1) 0(1) 5(1)

Al(4) 9(1) 9(1) 7(1) 0 0 4(1)

Al(5) 8(1) 8(1) 8(1) 0 0 4(1)

Al(6) 9(1) 9(1) 8(1) 0 0 5(1)

Yb(2) 3(1) 3(1) 2(1) 0 0 2(1)

Al(2) 3(1) 3(1) 2(1) 0 0 2(1)
 

The anisotropic displacement factor exponent takes the form:

-27t2[h2a"‘2Ul 1+. . .+2hka*b*Ul2]
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Magnetic Characterization:

Magnetic measurements were conducted on polycrystalline samples of

YbHNigAlgg. Field-cooled and zero-field cooled dc magnetization measurements were

performed for the above samples using a Quantum Design MPMS SQUID magnetometer.

EDS-analyzed crystals were ground into powder, which was sealed in kapton tape and

placed into the magnetometer. The data were collected in the temperature range 3-300 K

at 1000 G, while field dependent magnetic measurements, conducted at 5 K, were carried

out in fields up to i 55000 G. A diamagnetic correction was applied to the data to

account for core diamagnetism.

5-2-3. Results and Discussion

Crystal Structure:

The crystal structure of Ybl_.Ni3Alg_9 viewed down the b-axis is shown in Figure

5-2-3. This structure is related to the ErNi3A19 structure type with a partially disordered

triangular arrangement of Yb and Al atoms.IO As described by Gladyshevskii, this

structure can be viewed as three different kinds of triangular layers stacking along the c-

axis: A] layer, Ni layer and Yb-Al layer. Al(1) and Al(3) atoms form similar triangular

arrangements on the ab plane with Al-Al distance longer than 4 A, as shown in Figure 5-

2-4A. Al(4), Al(5) and Al(6) atoms also form triangular patterns, with Al(4)-Al(4) bond

distance of 2.831(6) A and Al(5)-Al(6) distance of 2.848 (6) A. The Ni layer, is inserted

between the Al(1) layer and the Al layer composed of Al(4), Al(5) and Al(6) atoms.

What makes this compound interesting and different from the structure of

ErNi3A19 is the triangular mesh composed of Yb and A1 atoms. As shown in Figure 5-2-
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5A, in the Er2A13 layer the Er and Al atoms form ordered triangular mesh with regular

bond distances between Er and Al atoms of 2.977(2) A. However for the Y- and Dy-

analogues, two additional atomic sites, i.e. one rare earth metal and one Al site, were

detected.'0 Figure 5-2-5C depicts the disordered arrangement of RE and Al atom

triangles, for the Dy compound the sites RE(l) and RE(2) were found to have the

occupation of 80% and 40%, respectively; while for the Y-analogue the corresponding

occupation factors were 97% and 6%. While in the present compound Yb1,lNi3Alg.9, the

Yb(l) site is fully occupied and a partly disordered triangular arrangement of Yb-Al

atoms is observed, producing unreasonably short distance between Yb(2) and Al(2)

atoms: 1.522(2) A. The occupancy factors of Yb(2) and Al(2) are 10% and 90%,

respectively.

The compounds ErNi3A19, DyNi3A19, YNi3A19 and Yb1_1N13A13_9 crystallize in the

same structure type, however with a different type of disorder in the RE-Al triangle layer.

It was suggested by Gladyshevskii that this disorder originates from the non-

10 For a structure withhomogeneous stacking of the RE2A13 layer along the c-axis.

maximum disorder of RE and Al atoms triangles, both RE sites would have a occupation

of 67% and Al sites 33%. This results in a structure with a space group P-6m2 and

smaller unit cell: a = a’/\/3, c = c’/3 (a’ & c’ are the cell parameters of ErNi3A19). This

argument has been confirmed by RE0_67NizGa6-thx (Tt = Si/Ge) in which a complete

disorder was observed in the RE-Ga plane. The random stacking of RE-Ga planes along

the c-axis causes the elongated diffuse streaks along this direction on the MI and 0k] zone

photographs. '6
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The local coordination environments of Yb(l) and Ni atoms are shown in Figure

5-2-5D & E. The Yb atoms are surrounded by 17 atoms which form a bicapped hepta-

layer geometry. These five monoatomic layers are in the order of Ni-Al(1)-Al(2)-Al(l)-

Ni atoms with Al(4) and Al(5) as capping atoms. The bond distance between Yb(l) and

Al(2) is 2.9566(16) A, slightly shorter than the other Yb-Al distances. The Ni atoms sit

in a distorted cubic geometry composed of eight Al atoms with Ni-Al distance ranging

from 2.3369(15) A to 2.6033(17) A.

Table 5.2.4. Bond lengths (A) for Yb.,.Ni3Alg_9.

 

 

Bond Distance Bond Distance

Yb(l)-Al(l) 3.012(3) Ni(1)—Al(5) 2.5679(17)

Yb(1)-A1(2) 2.9566(16) Ni(1)-Al(6) 2.6033(17)

Yb(1)-Ni(1) 3.23 86(13) Al(1)-Al(2) 2.766(3)

Yb(2)-Al(1) 2.999(3) Al(1)-Al(4) 2.746(4)

Yb(2)-Al(2) 1.522(2) Al( 1 )-A1(5) 2.754(3)

Yb(2)-Al(6) 3.082(3) Al(6)-Al(1) 2.719(3)

Yb(2)-Ni(1) 3.2800(13) Al(3)-Al(4) 2.800(2)

Ni(1)-A1(1) 2.419(2) Al(3)-Al(5) 2.7883(18)

Ni(1)-Al(1) 2.451 (2) Al(3)-Al(6) 2. 8065(1 8)

Ni(1)-Al(1) 2.454(2) Al(4)-Al(4) 2.831(6)

Ni( 1 )-A1(2) 2.3734(17) Al(5)-Al(6) 2.848(6)

Ni(1)-Al(3) 2.3369(15) Al(2)-Al(2) 2.636(4)

Ni(1)-Al(4) 2.5649(17)
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Figure 5-2-3. Crystal structure of YbHNi3Algg vi

les: Yb; black circles: Al; gray circles: Ni.
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Figure 5-2-4. Structure Ofo]_]N13A13_9. A) Triangular layer composed of Al(1) atoms. B)

Triangular layer composed of Al(4), Al(5) and Al(6) atoms down the c-axis.
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Magnetic Properties:

The temperature dependent molar magnetic susceptibility xm for Yb1,1Ni3Alg,9 is

shown in Figure 5-2-6A. Above 50 K, the magnetic susceptibility can be fit to a Curie-

Weiss law yielding an effective magnetic moment ,ueff = 4.14 ,uB/mol Yb, slightly lower

than the theoretical value for Yb3+ (peg = 4.54 14;). This implies that the Yb ions in

Yb11Ni3A139 are in an intermediate oxidation state of Yb2+ and Yb“. This compound is

another example that does not fit into the diagram suggested by Steglich.6 The negative

Weiss constant (0 = -18.41 K) indicates the presence of weak antiferromagnetic

interactions between the Yb ions.

The isothermal magnetization of Yb1,1Ni3A13_9 conducted at 5 K up to 55000 G is

plotted in Figure 5-2-6B. Clear metamagnetic behavior without hysteresis effects is

observed. This metamagnetic transition is more obvious when plotting the derivative

(8W68)T vs B shown in the inset of Figure 5-2-6B. The sharp peak at 1000 G (T = 5 K)

corresponds to the field-induced change in the magnetization. Similar metamagnetic

transition is also observed in szRh3A19 and Yb21r3A19; however this transition

disappears as TN is reached.2 The magnetization value M for Ybl, 1N13A139 at 55000 G

reaches a value of 0.9 ,uB/Yb, which is much lower than the ordered value which is 4.5

AIR/Yb.
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sample of YbHNl3A139 under the field of 1000 G. B) Molar magnetization of

Yb11Ni3Alg_9 in fields up to 55000 G measured at S K. inset: derivative (CM/dB) as a

function of field.

5-2-4. Conclusions
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Single crystals of a new ternary intermetallic compound YbHNigAlgg have been

synthesized by the Al flux method. This compound has a crystal structure related to that

of EI'N13A19 and the whole structure can be viewed as a stack of monoatomic layers along

the c-axis. As in the isostructural compounds DyNi3A19 and YNi3A19, a partially

disordered triangle arrangement of Yb and Al atoms was observed for YbHNigAlge on

the Yb-Al plane. In this disordered model every Yb(2) atom is surrounded by three Al(2)

atoms with very close distance of 1.522(2) A; and the occupancy factors of Yb(2) and

Al(2) were found 10%/90%.

Temperature dependent magnetic measurements reveal that the Yb ions in this

compound are in an intermediate oxidation state of Yb2+ and Yb“. As in the other

intermetallic compounds, transition metal Ni atoms do not contribute to the magnetic

moment. The negative Weiss constant 0 (-18.41 K) implies weak antiferromagnetic

interactions. A clear field-induced metamagnetic transition occurs at 1000 G and a field

higher than 55000 G is required to saturate the magnetic moments.
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CHAPTER SIX

PART I. Doping Studies of Yb3N15A119 with Cu, Fe and Mn Substitutions

6-1-1. Introduction

In the last two decades, the strongly correlated f—electron systems, especially Ce

' These compounds oftenand Yb-based ones, have attracted considerable attention.

exhibit interesting behavior such as Kondo lattice,2 heavy fermion3 and mixed valence.4

These properties are a result of the competition between the magnetic ordering

(Ruderman-Kittel-Kasuya-Yosida interaction) and the Kondo effect.5 The Kondo effect

results from the exchange interaction between the conduction electrons and the local

magnetic moments leading to scattering events in which the electron spin is flipped. In a

Kondo system, the resistivity drops to a minimum at low temperature and then proceeds

to rise at lower temperatures. These two effects (the RKKY interaction and the Kondo

effect) are characterized by the hybridization strength J between the 4f electrons and

conduction electrons. For the lower J values, 1. e. the RKKY interaction dominates, the

compound can exhibit magnetic ordering; on the other hand, for the higher J values, the

Kondo effect takes over, and the ground state is nonmagnetic. This phenomenon is

clearly described in the well-known ‘Doniach’s magnetic phase diagram’.5

The J value (hybridization strength) of a compound can be tuned by applying

external pressure or chemical pressure. For Ce-based compounds, applying external

pressure (or positive chemical pressure) can cause them to switch from magnetic ordering

to intermediate valence behavior (Kondo effect). Generally, with decreasing cell volume

the 4f electrons and conduction band hybridization J value increases, favoring the Kondo
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effect. This theory is clearly exemplified by Ceszsiz and CeRhZSiz; in both cases the

pressure induces a transition from antiferromagnetism to a nonmagnetic state.6 More

interestingly, these compounds become superconductors at pressures close to the critical

pressure where magnetic ordering vanishes. The chemical pressure effect on CeNi has

been extensively studied by substituting Ni with Cu or Pt. 7 CeNi crystallizes in

orthorhombic CrB-type structure with Ce ions in intermediate valence states. Since the

size of Cu or Pt is larger than Ni, nonmagnetic to magnetic ordering transition is expected

as this “negative pressure” is applied. Indeed, in CeNiHPtx compounds, a continuous

evolution from the intermediate valence behavior in CeNi to a ferromagnetically ordered

Ce3+ state in CePt was found, passing through a Kondo lattice behavior and heavy

fermion state. 8 These properties can be well understood by modifications of 4f-

conduction band hybridization driven by cell volume changes.

The Yb-based systems, usually present mirror-like behavior to Ce—compounds due

to their hole-electron symmetry: fl (Ce3+) vs fl3 (Yb3+). Therefore, under similar pressure

conditions, the opposite effect is expected for Yb-based compounds, which means that

external pressure might drive a non-magnetic Yb-system to a magnetically ordered state.

This phenomenon has been observed and reported for some Yb-containing intermetallic

compounds. For example, szNizAl is a nonmagnetic heavy fermion compound

crystallizing in orthorhombic MoszNi structure type.9 When the applied pressure is

more than 8 GPa and the temperature is below 2 K, a crossover from a nonmagnetic state

to magnetically ordered state is observed; however this crossover is not connected with a

change of the Yb valence state. YbCuzsiz is another well-known nonmagnetic compound

with Yb in an intermediate valence state.lo When the external pressure is higher than 8
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GPa, this compound is also converted from a nonmagnetic to magnetic ordered state with

localized Yb moments. In this case, the transition is accompanied by a valence change

towards the Yb3+ state.ll Chemical substitution may result in a similar effect, such as

Yb(Cu1-xNix)ZSi2, in which the chemical pressure obtained by gradual substitution of Cu

by Ni changes the nonmagnetic ground state of YbCuZSiz to the magnetically ordered one

of YbNi2Si2 ( TN = 2.1 K).12 Different from the examples described above, Bauer and

coworkers found that the substitution of Cu by Al in YbCus caused a crossover from non-

magnetic 4fl4 state to the magnetic 4fl3 state in YbCu3A12.13 Since the substitution of Cu

by A1 results in an expansion of the cell volume, chemical pressure might be excluded as

a driving force of this change of ground state properties; instead it was suggested that the

physical origin was the modification of the electronic structure of the compound which

was associated with different number of electrons provided by Al and Cu.

In Part I of Chapter Five, we described a ternary intermetallic compound

Yb3Ni5A119, in which the Yb ions show intermediate valence behavior.14 It might be

interesting to investigate the magnetic behavior of this Kondo compound by applying

chemical pressure, thus we can better understand the correlations between compositions

and magnetic states. In this section, we will describe the effects of substitution of Ni by

Cu, Fe or Mn on the magnetic properties of Yb3N15A119. By applying this chemical

pressure, two effects are expected. On one hand, the metallic radii of Mn, Cu, Fe and Ni

are 1.37 A, 1.28 A, 1.26 A and 1.25 A, respectively. By substituting Ni with Mn, Fe or

Cu, the unit cell volume is expected to expand slightly in all the cases, which corresponds

to negative pressure. For the Yb-based systems, it is customary to decrease J values by

applying external pressure. On the other hand, the number of electrons provided by the
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substitutional element (Mn, Fe or Cu) is different from that of Ni, which might change

the electronic structure of the parent compound. These two effects can be competing and

lead to interesting properties induced by valence fluctuations in the Yb ions.

Here it is noteworthy to mention another important reason that we initiated this

study. YbGaGe was reported to show zero thermal expansion (ZTE) between 10 and 300

K.15 Magnetic measurements indicated that Yb ions were in an intermediate valence state

and it was proposed that the ZTE behavior was derived from internal electronic charge

transfer of the Yb ions. Later it was found that only when graphite crucibles were used as

the reaction container, could the results be repeated. Although Fisher and his coworkers

found that lightly C- or B- doped YbGaGe samples tended toward zero volume

'6 we suspect that Fe — which is the second most abundant impurity elementexpansion,

in the graphite crucible, might influence the unusual thermal expansion property. It is

known that with substitutions of transition metals, the thermal expansion coefficient

7 Neutron diffraction analysiscould be changed. CeNi1.,,Cux is such an example.1

revealed that the relative changes of the cell parameters for CeNiogCum between 300 K

and 1.5 K were smaller than those observed for CeNi. However there has been no

discussion about the mechanism behind this observation and no further investigations

were reported on the thermal expansion of this system. So we investigated the

temperature dependent lattice variation of Yb3N15-xTM,,A119 (TM = Cu, Fe, Mn) as well

as their magnetic properties.
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6-1-2. Experimental Section

Reagents:

The following reagents were used as obtained: Yb (Cerac, 99.9%), Ni (99%, 325

mesh, Sargent, Buffalo Grove, IL), Cu (99.5%, -325 mesh, Cerac, Milwaukee, WI), Fe

(99.99%, fine powder, Aldrich Chemical, Milwaukee, WI), Mn (99.95%, fine powder,

Cerac, Milwaukee, WI), Al (Cerac, 99.5%, -20 mesh).

Synthesis:

The elemental starting materials were stored and manipulated in a nitrogen-filled

single dry box. All the compounds were synthesized by the Al flux method. The ratios

used for Yb : Ni : TM : Al (TM = Cu, Fe, Mn) were summarized in Table 6-1-1. The

constitutional metals were combined into alumina crucibles, which were then placed into

silica tubes (13 mm in diameter) and sealed under vacuum (~104 Torr). The samples

were heated to 1000 °C in 15 h, maintained at this temperature for 5 h, then cooled to 850

°C in 2 h. They were annealed at 850 °C for 3 (1, followed by cooling down to 500 °C in

36 h. Finally the temperature was brought down to 50 °C in 10 h. The yield of the

reactions was ~70% with YbAl3 as the side product. When x in Yb3Ni5-xFexA119 was 1,

another side product YbNi2-xFexAlg appeared which will be described in Part II of this

chapter.

Excess aluminum was removed by soaking the crucible in aqueous 5M NaOH

solution overnight. The crystalline product remaining after the isolation procedure was

rinsed with water and acetone. Single crystals were selected for elemental analysis,

single crystal X-ray diffraction analysis and magnetic susceptibility measurements.
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Table 6-1-1. Elemental ratios for the flux synthesis of Yb3Ni5A119, Yb3N15-xCuxAl19,

Yb3N15-xFexA119 and Yb3Ni5-anxA119 (unit: mmol).

 

 

 

 

 

 

 

     

Compound Yb Ni Cu/Fe Al

Yb3Ni5A119 l 1 0 10

Yb3Ni5-xCuxA119 (x = 0.5) 1 0.9 0.1 10

Yb3Ni5-xCuxAl|9 (x = 1) 1 0.8 0.2 10

Yb3Ni5-xFexA119 (x = 0.5) l 0.9 0.1 10

Yb3Ni5-xFexA119 (x = 1) 1 0.8 0.2 10

Yb3Ni5-anxA119(x = 0.5) l 0.9 0.1 10

 

Single Crystal X-ray Crystallography:

Single crystal X-ray diffraction data were collected for Yb3Ni5-xTMxAl.9 (TM =

Cu, Fe, Mn) at different temperatures (100 K, 173 K and 298 K) on a Bruker AXS

SMART CCD X-ray diffractometer. A data collection (Mo Kor radiation, A. = 0.71073 A)

was acquired covering a hemisphere of reciprocal space. The data acquisition and cell

reduction were done with the SMART'8 software package and data processing was

performed with the SAINTPLUS software package. '9 An empirical absorption correction

was applied to the data using the SADABS program.20 The structure of Yb3Ni5A1.9 was

used as the starting model and then refined with the SHELXTL package program.2|

Magnetic Measurements:

Magnetic measurements were conducted on the polycrystalline samples of

Yb3Ni5-xTMxA119 (TM = Cu and Fe). Field-cooled and zero-field cooled do
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magnetization measurements were performed on the samples using a Quantum Design

MPMS SQUID magnetometer. EDS—analyzed crystals were ground into powder, sealed

in a kapton tape and placed into the magnetometer. The data were collected in the

temperature range 3-300 K at 1000 G, while field dependent magnetic measurements,

conducted at 5 K, were carried out in fields up to i 55000 G. Diarnagnetic corrections

were applied to the data to account for core diamagnetism and kapton tape.

6-1-3. Results and Discussion

Synthesis and Compositional Variations:

As was discussed in Part I of Chapter Five, large single crystals of Yb3Ni5A119

could be obtained by using a molar ratio of 1 : 2 for Yb : Ni. So the first series of

substitutional reactions were conducted based on the following ratios: Yb : Ni : Cu : Al (1

: 2-x : x :10), x = 0.2, 0.4, 0.6 and 0.8. However powder X-ray diffraction pattern

showed no presence of Yb3Ni5-xCuxA119. Instead elemental analysis and single crystal X-

ray analysis indicated that the products were YbNi4Al8 and Yb(NiCu)4Al8 which

crystallize in the tetragonal Tthn structure type.22 It is obvious that the disruption

coming from the large amount of Cu is enough to destabilize the original structure and

form different compounds.

When the reactions were conducted with equal amount of Yb and transition

metals (Table 6-1-1), we obtained the desired phases Yb3Ni5-xTMxA119. Here the values

of x were calculated from the ratio of the initial amount of transition metals. Figure 6-1-1

shows the single crystal X-ray data of Yb3Ni5-xTMxAl.9 (TM = Cu, Fe) (x = 0, 0.5, 1)

determined at 173 K. In both cases the cell volume expanded with increasing x as
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expected since the metallic radii of these transition metals are in the order of re“ > r1:e >

rm.” Therefore the orthorhombic structure of Yb3Ni5A119 was retained and Ni had been

successfully substituted by small amounts of Cu or Fe. Elemental analysis showed very

low level of substitutional element (Cu or Fe): about 1% when x = 0.5 and 3% with x = 1,

The radius of Cu atom is larger than that of Fe, thus the cell parameters of Yb3Ni5_

xCuxAlig are larger than the corresponding ones of Yb3N15-xFexA119. Although the

relative volume expansion was very similar, a linear Vegard law was observed for the

Yb3Nis-xCuxA119 compounds, Figure 6-1—1A. In the case of Yb3Nis-xFexAl.9, the a cell

parameter contracted slightly and then increased until x was 1. Since the b and c edge

lengths of Yb3N15-xFexA119 expanded normally, the overall cell volume increased by

0.2%. The orthorhombic structure of Yb3Ni5-xFexA119 can be stabilized up to x = 1.

When x was 1, elemental analysis and XRD showed Yb3Ni5-xFexA119 was formed along

with side products YbA13 and YbNiz-xFexAlg. YbNi2-xFexA13 is a new phase also

crystallizing in needle morphology; and its crystal structure and physical properties will

be described in Part II of this chapter. With more Fe added into the reaction, the

percentage of YbNi2-xFe,,Alg was higher and finally was the main phase in the product.

The temperature dependent cell parameters of Yb3Ni5-xTMxA119 (TM = Mn, Cu,

Fe) obtained on single crystals are shown in Figures 6-1-2, 6-1-3, 6-1-4 and 6-1-5. The

data were summarized in Tables 6-1-2, 6-1-3, 6-1-4 and 6-1-5. When the temperature

increased from 100 K to 298 K, the relative change in cell volume for Yb3Ni5A119 was

dV/V = 0.57 %. For the Fe and Mn-substituted samples, the corresponding changes were

very similar to that of the parent compound. While the cell volume of Yb3Ni5-xCuxAl19

changed much more slowly when the temperature increased from 100 K to 298 K, which
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were dV/V = 0.32 % (x = 0.5) and dV/V = 0.49 (x = 1). The slow change of the cell

volume for Yb3Ni5-xCuxAl.9 (x = 0.5) came mainly from the a-axis. When the

temperature increased from 173 K to 298 K, the a axis contracted so the overall change

from 100 K to 298 K was only 0.03%. As we discussed before, all the cell parameters of

Yb3Ni5-xTM,,A119 are expected to be larger than that of Yb3N15A119; however this

happened only at 173 K (Figure 6-1-2). At higher temperature (298 K), except Yb3Ni5-

xCuxAllc) (x = l), the cell volume of all the Yb3N15-xTMxA119 compounds was equal to or

smaller than that of Yb3N15A119. Although experimental error cannot be excluded as one

possible reason, the electronic valence transition between Yb2+ and Yb” ions might also

be responsible for this abnormal behavior.
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Figure 6-1-1. Cell parameter variations with x for Yb3Ni5-xCuxA119 and Yb3Ni5-xFexA119

(x = 0, 0.5, 1) at 173 K. A) cell volume; B) a cell edge length; C) 12 cell edge length; D) c

cell edge length.
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Figure 6-1-2. A) Temperature dependence of the cell volume for Yb3Ni5.xTMxA119 (TM =

Mn, Cu, Fe; x = 0, 0.5). B) Temperature dependence of cell volume for Yb3Ni5-xTMxA119

(TM = Cu, Fe; x = 0, 1).
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Figure 6-1-3. A) Temperature dependence of the a cell edge for Yb3Ni5-xTMxA119 (TM =

Mn, Cu, Fe; x = 0, 0.5). B) Temperature dependence of the a cell edge for Yb3N15-

XTMXA1|9 (TM = Cu, Fe; x = 0, l).
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Figure 6-1-4. A) Temperature dependent of b cell edge for Yb3N15-xTMxA119 (TM = Mn,

Cu, Fe; x = O, 0.5). B) Temperature dependent of b cell edge for Yb3Nis-xTMxA119 (TM =

Cu, Fe; x = 0, 1).
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Figure 6-1-5. A) Temperature dependence of the c cell edge for Yb3N15-xTMxA119 (TM =

Mn, Cu, Fe; x = 0, 0.5). B) Temperature dependence of the c cell edge for Yb3Ni5-

xTMxAllg (TM = Cu, Fe; x = 0, 1).
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Table 6-1-2. Compositional variations of the cell volume for Yb3Ni5-xTMxA119 (TM = Cu,

Fe, Mn; x = 0, 0.5, 1) obtained on single crystals at temperatures of 100 K, 173 K and

298 K.

 

 

 

 

 

 

  

Yb3N15.,.TM,,A119 3 V 3 V 3 V %

(A , 100 K) (A , 173 K) (A , 298 K) (100 K-298K)

x = 0 1734.0(3) 1734.9(2) 1743.9(7) 0.57

x = 0.5 (TM = Cu) 1734.9(4) 1737.6(4) 1740.4(10) 0.32

x = 1 (TM = Cu) 1738.1(4) 1740.2(4) 1746.7(4) 0.49

x = 0.5 (TM = Fe) 1733.4(2) 1735.8(2) 1744.2(4) 0.62

x = 1 (TM = Fe) 1733.6(2) 1738.3(4) 1743.6(8) 0.58

x = 0.5 (TM = Mn) 1732.9(2) 1737.2(4) 1742.6(4) 0.56     
 

Table 6-1-3. Compositional variations of the a cell edge lengths for Yb3Ni5-xTMxA119

(TM = Cu, Fe, Mn; x = 0, 0.5, 1) obtained on single crystals at temperatures of 100 K,

173 K and 298 K.

 

 

 

 

 

 

 

 

Yb3Ni5"TM"Al'9 (A, 1110 K) (A, 123 K) (A, 298 K) (100 121,298K)

x = 0 4.0578(4) 4.0573(2) 4.0625(9) 0.12

x = 0.5 (TM = Cu) 4.0541(6) 4.0587(6) 4.0553(13) 0.03

x = 1 (TM = Cu) 4.0596(5) 4.0610(5) 4.0657(5) 0.15

x = 0.5 (TM = Fe) 4.0550(3) 4.0566(3) 4.0631(6) 0.20

x = 1 (TM = Fe) 4.0551(3) 4.0601(5) 4.0634(11) 0.20

x = 0.5 (TM = Mn) 4.0555(3) 4.0597(5) 4.0618(5) 0.16     
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Table 6-1-4. Compositional variations of the b cell edge lengths for Yb3N15-xTMxA119

(TM = Cu, Fe, Mn; x = 0, 0.5, 1) obtained on single crystals at temperatures of 100 K,

173 K and 298 K.

 

 

 

 

 

 

 

     

W3Ni5'XTM‘Al'9 (A, 1100 K) (A, 123 K) (A, 238 K) (10013298K)

x = 0 15.8686(16) 15.8745(9) 15.906(4) 0.24

x = 0.5 (TM = Cu) 15.885(2) 15.886(2) 15.902(5) 0.11

x = 1 (TM = Cu) 15.882(2) 15.889(2) 15.910(2) 0.18

x = 0.5 (TM = Fe) 15.8716(10) 15.8802(10) 15.902(2) 0.19

x = 1 (TM = Fe) 15.870701) 15.8823(18) 15.89l(4) 0.13

x = 0.5 (TM = Mn) 15.869103) 15.882(2) 15.898308) 0.18
 

Table 6-1-5. Compositional variations of the c cell edge lengths for ngNi5.xTMxA119

(TM = Cu, Fe, Mn; x = 0, 0.5, 1) obtained on single crystals at temperatures of 100 K,

173 K and 298 K.

 

Yb3Nis-xTMxA119
C C C %

 

 

 

 

 

 

 

(A, 100 K) (A, 173 K) (A, 298 K) (100 K-298K)

x = 0 26.929(3) 26.93650 5) 26.989(6) 0.22

x = 0.5 (TM = Cu) 26.939(4) 26.948(4) 26.98800) 0.18

x = 1 (TM = Cu) 26.957(3) 26.970(3) 27.003(4) 0.17

x = 0.5 (TM = Fe) 26.933307) 26.945807) 26.995(4) 0.23

x = 1 (TM = Fe) 26.937408) 26.957(3) 270020) 0.24

x = 0.5 (TM = Mn) 26.926(2) 26.942(2) 269850) 0.22    
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Magnetic Properties:

The temperature dependent magnetic susceptibility data for Yb3Ni5-xTMxA119

(TM = Cu, Fe; x = 0, 0.5, 1) are displayed in Figures 6-1-6 & 6-1-7. As the pristine

Yb3Ni5A119 compound, all the derivatives show paramagnetic behavior and follow Curie-

Weiss Law at temperatures above 50 K. As the content ofTM —— x increases from 0 to 1,

the magnitude of the susceptibility increases. The Curie temperature 0 and calculated

effective magnetic moment part for these samples are summarized in Table 6-1-6. Herein

we recall from the first part of this chapter, the parent compound Yb3Ni5A119 exhibits

intermediate valence behavior and strong antiferromagnetic interactions. As shown in

Table 6-1-6, the Curie temperatures 0 for Yb3N15-xCuxA119 and Yb3Nis-xFexA119 are lower

than that of Yb3Ni5A119. This effect indicates a weakening of the Kondo interaction,

since in the scope of single-ion Kondo theories 0 is related to Tie by TK = m 101, where

the coefficient m is usually of the order of 1.24 Although the Kondo effect is weakening,

we have not observed any magnetic ordering in either of the cases until x = 1.

The last column in Table 6-1-6 is the effective magnetic moment peg determined

by fitting the high temperature data to the Curie-Weiss law. For the Fe-based samples,

the 1,1,.” value does not change much. This is possibly because that the Yb valence can

change as a function of composition only in materials that undergo a relatively large

change in unit cell volume.25 In Yb3Ni5-xFexA119 the cell volume expands only 0.19%

with x changing from O to 1. In the case of Yb3Ni5-xCuxA1.9, there is no apparent trend

with x with regard to the Herr values. The substitution of Ni by Cu results in the cell

volume expansion as confirmed by single crystal X-ray diffraction. Therefore this

system is driven by negative chemical pressure toward the Yb2+ form while still being in
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YbZJf/Yb3+ intermediate state. This result is consistent with the fact that the ionic radius

of the nonmagnetic Yb ion (4f'4-state) is larger than that of the magnetic one (4f3-state).

With more Cu added into the structure, the effective magnetic moment pen for Yb3N15-

xCuxAl 19 (x = 1) is 7.90 113, which appears to be very close to that of the free Yb3+ ion

(theoretical value um = 7.86 113 per formula). Hence the magnetic 4fl3 configuration is

stabilized by the substitution of Ni with Cu. Here the chemical pressure cannot be the

reason for this magnetic properties variation, since the substitution causes a volume

expansion. The substitution of Ni by Cu should lead to an increment of the number of

conduction electrons, and hence to a rise of the Fermi level. Therefore the hybridization

between the 4f electrons and the conduction band should decrease causing a quenching of

the Kondo effect (indicated by the value of 0). This phenomenon has been observed for

the other systems as well, such as YbCus. 26 The substitution of Cu by Al or Ga shifts the

Yb ions from non-magnetic divalent 41"4 state to localized trivalent 4fl3 state. Since the

substitution of Cu by Al/Ga also causes a volume expansion, chemical pressure can be

excluded as a driving force of the valence state changes. The number of conduction

electrons provided by Al or Ga is more than that of Cu leading to the rise of the Fermi

level. For YbCu_:,.,,Alx (1.5 S x S 2), the 4fband is far below the Fermi level and the s~fJ

mixing is negligible. This example and our experimental observations indicate that in

order to explain the changes in the hybridization between 4f electrons and conduction

band, both volume and Fermi level modification have to be taken into account.
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Table 6-1-6. Magnetic property parameters of Yb3N15-xCuxA119 and Yb3Ni5-xFexA119 (x =

0, 0.5, 1).

 

 

 

 

 

 

Compound x c 0 (K) pm (113)

Yb3Ni5A119 0 5.73 -551.2 6.77

Yb3Ni5-xCuxA119 0.5 4.59 -276.9 6.06

Yb3Ni5-xCu,,A119 1 7.81 -399.0 7.90

Yb3Ni5-xFexA119 0.5 5.38 -222.5 6.56

Yb3Ni5-xFexA119 1 6.20 -271.4 7.04      
 

Note: pent (theoretical value Yb3N15A119) = 7.86 113 (Yb3+)
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Figure 6-1-6. Magnetic susceptibility of Yb3Ni5_xCuxA119 (0 S x S 1) compounds as a

function of temperature from 3 K to 300 K.
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Figure 6-1-7. Magnetic susceptibility of Yb3Ni5-xFexA119 (0 S x S 1) compounds as a

function of temperature from 3 K to 300 K.
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6-1-4. Conclusions

The transition metal Ni in Yb3NisA119 can be substituted to a limited extent by

other transition metals such as Mn, Fe or Cu, which are slightly larger and can cause a

variation in the number of conduction electrons. Lower cell volume values have been

observed for Yb3N15-xTMXA119 (TM = Mn, Fe) than that of Yb3Ni5A119 at 100 K and 298

K; and the electronic valence transition of Yb ions might be one reason causing this

abnormal behavior. Substitution of Ni by Mn or Fe does not change significantly the

thermal expansion property of Yb3Nis-xTMxA119 from 100 K to 298 K; however the

thermal expansion coefficient of Yb3Ni5-xCuxA119 is much lower than that of the parent

compound Yb3Ni5A119. Magnetic susceptibility measurements indicate that effective

magnetic moment can be changed by a modest amount due to the substitution of Ni by

Cu, and this may be explained by the effect of cell volume change and fermi level

modification.
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CHAPTER SIX

PART II. Discovery of the New Intermetallic Phases RENi2-,FexAlg (RE

= Eu, Yb) from Liquid Aluminum

6-2-1. Introduction

Yb-containing intermetallics continue to attract considerable attention in the study

3Inof interesting behaviors such as Kondo lattice,l heavy fermion2 and mixed valence.

such systems, an array of 4f moments is embedded in a metallic environment, and the

nature of the ground state (GS) is determined by the competition between Kondo effect

and RKKY (Ruderman-Kittel-Kasuya-Yosida) interactions.4 The Kondo effect results

from the exchange interaction between the conduction electrons and the local magnetic

moments leading to scattering events in which the electron spin is flipped. The Kondo

effect favors a nonmagnetic GS with a characteristic energy given by the Kondo

temperature TK. The RKKY interaction favors a magnetically ordered GS characterized

by TRKKy. In general, the Kondo effect is expected for TRKKY > TK, heavy fermion

behavior for Tmy E TK, and mixed valence behavior for TK > Tmy.

In Part I of Chapter Five, we described crystal growth, structure and physical

properties of ternary intermetallics RE3Ni5A119 (RE = Sm, Dy, Er, Yb) accessible in

liquid Al. In this family Yb3N15A119 is a Kondo compound with Yb ions showing

intermediate valence behavior. 5 We also found that magnetic properties of this

compound could be tuned by minor substitutions ofNi by Cu/Fe. The structural integrity

of Yb3Ni5-xFexA119 was retained until x was 1. With more Fe added into the reaction,

another new phase appeared in the product and dominated with increasing x — YbNiz-
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xFexAlg. This reaction can be optimized by combining stoichiometric amount of Ni and

Fe; later we discovered the Eu analogue under the same experimental conditions.

RENi2-xFexAlg (RE = Eu, Yb) belong to the ternary family RETM2X3 (TM = C0,

Fe; X = A1, Ga) crystallizing in the CaCozAlg structure type.6 Most compounds reported

belonging to this family are ternary with the transition metal mainly Fe, Co or Ni.

Among them CeFezAlg is a rare example of the valence fluctuation compound containing '

element Fe.7 Méssbauer spectra Show that the Fe atoms in CCFCzAlg do not carry local

 

magnetic moment. 8 PFCOzAlg orders antiferromagnetically at 5 K, with a clear

metamagnetic transition occurring at a critical field of 9000 G.9 Quite a few gallides

have also been prepared: the series REFezGag (RE = Ce, Pr, Nd, Sm),10 RECOzGag (RE =

Ce, Pr, Eu, Yb)lo‘” and RERuzGag (RE = La, Ce, Pr, Nd).12 The indium-containing

isostructural compound Euhalng was prepared and reported by Pbttgen and co-

workers.'3 The compounds RENi2-xFexA13 (RE = Eu, Yb) we discovered by using Al

flux method are the first quaternary examples reported in the literature in this family. In

this part of the dissertation, the synthesis, crystal structure, physical properties and 57Fe

Mdssbauer spectroscopy measurements of RENi2-xFexAlg (RE = Eu, Yb) will be

described.

6-2-2. Experimental Section

Reagents:

The following reagents were used as obtained: rare earth metals (RE = Eu, Yb)

(Cerac, 99.9%), Ni (99%, 325 mesh, Sargent, Buffalo Grove, IL), Fe (99.99%, fine

powder, Aldrich Chemical, Milwaukee, WI), Al (Cerac, 99.5%, -20 mesh).
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Synthesis:

Rare earth metal, Ni and Fe were combined with a large excess of Al in a

nitrogen-filled glove box. Alumina crucibles containing the reaction mixture of 1 mmol

RE metal (Eu 0.152 g, Yb 0.173 g), 1 mmol Ni (0.059 g), 1 mmol Fe (0.056 g) and 10

mmol Al (0.270 g) were placed into silica tubes (13 mm in diameter), which were then

sealed under vacuum (~104 Torr). The samples were heated to 1000 °C in 15 h,

maintained at this temperature for 5 h, and then cooled to 850 °C in 2 h. They were

annealed at 850 °C for 3 (1, followed by cooling down to 500 °C at a rate of 10 °C/h.

Finally the temperature was brought down to 50 °C in 10 h.

The excess aluminum was removed by soaking the crucible in aqueous 5M NaOH

solution overnight. The crystalline product remaining after the isolation procedure was

rinsed with water and acetone. RENi2-xFe,,A13 was the major phase in the product with a

yield of 70 %. For RE = Yb, the ternary phase Yb3Ni5A119 was also observed.

Scanning Electron Microscopy and Elemental Analysis:

The crystals were picked and placed on a Scanning Electron Microscope (SEM)

sample plate using carbon tape. Chemical compositions of the products were determined

by Energy Dispersive Spectroscopy (EDS) performed on a JEOL JSM-35C SEM

equipped with a NORAN EDS detector. The SEM image of a typical crystal of YbNiz-

xFe,,Alg is shown in Figure 6-2-1. Data were acquired by applying a 25 kV accelerating

voltage with an accumulation time of 40 5. Several crystals were analyzed with the

resulting elemental composition corresponding to the ratio 1:1:128, which agreed well

with the results derived from the single crystal X-ray analysis.
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X—ray Crystallography:

Single crystal X-ray diffraction data were collected for REN12-,,FCXAlg (RE = Eu,

Yb) at room temperature on a Bruker AXS SMART CCD X-ray diffractometer. A data

collection (Mo K01 radiation, A. = 0.71073 A) was acquired covering a full sphere of

reciprocal space using exposure time 20 s/frame. The data acquisition and cell reduction

were done with the SMART14 software package and data processing was performed with

the SAINTPLUS program.‘5 An empirical absorption correction was applied to the data

using the SADABS program.16 The structures were solved using direct methods and

refined with the SHELXTL package program.l7 Systematic absence conditions led to

two possible space groups: Pbam and Pba2. The mean value of IE2-1 lwas 0.969

indicating that the structure was likely centrosymmetric. Pbam is the centrosymmetric

one and has a much lower CFOM value. So Pbam was chosen and proved to be correct

after final refinement of the structure.

In the structure of YbNiz-xFexAlg, a total of twelve atomic sites including one Yb,

two transition metal sites (Ni/Fe) and nine Al sites were identified. Originally the X-ray

data was collected at 173 K covering a hemisphere of reciprocal space. Since the atomic

numbers of Ni and Fe are very close to each other, different assignments on these two

transition metal sites M(l) and M(2) were examined. Two satisfactory solutions were

obtained: 1) M(l) site was occupied by Ni and M(2) was occupied by Fe with both sites

fully occupied; 2) Both M sites were occupied by a mixture of Ni/Fe: for M(1), Ni and Fe

was found to have an occupancy of 84.6 and 15.4%, respectively; while for M(2), the

corresponding values were 33.5 and 66.5%. To further confirm the assignment, we

collected single crystal X-ray data covering a full sphere of reciprocal space. We found
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that if the M(l) site was assigned to Ni and the M(2) assigned to Fe, the occupancy

factors were 0.94 and 1.06 respectively, R1 and wR2 were 2.39% and 5.72%. If we

exchanged these two sites, the occupancy factors were 1.04 and 0.96; R1 and wR2 values

were 2.40% and 5.77%. As a result of that, M(l) and M(2) sites were refined as a mixed

occupancy of Ni and Fe: 42%/58% on M( 1) and 62%/38% on M(2) site for Ni/Fe. This

refinement gave the lowest R values with R; 1.86 % and wR2 3.95 %. And the resulting

stoichiometry is in fair agreement with the elemental analysis from EDS.

Data collection parameters and refinement details for EuNiz-xFexAlg and YbNiz-

xFexAlg can be found in Table 6-2-1. Atomic positions, displacement parameters and

anisotropic displacement parameters for EuNiz-xFexAlg and YbNi2-xFexAlg are listed in

Tables 6-2-2 and 6-2-3.

X-ray powder diffraction data were collected at room temperature on a CPS 120

INEL X-ray diffractometer (Cu K01) equipped with position-sensitive detector.

Experimental powder patterns were compared to the patterns calculated from the single

crystal structure solution (by the CrystalDiffract program”) to determine the phase

identity and purity.
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Table 6-2-1. Selected crystal data and structure refinement details for EuNiz-xFexA13 and

 

 

YbN12-xFCxA13.

Empirical formula EuNi2-xFexAlg YbNi2-xFexAlg

Formula weight 482.36 503.44

Crystal system Orthorhombic Orthorhombic

Space group Pbam (#55) Pbam (#55)

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected

Independent reflections

Completeness to theta = 37.00°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a = 12.530(2) A

b = 145030) A

c = 4.0326(8) A

732.8(2) A3

4

4.372 Mg/m3

13.806 mm"

884

0.17 x 0.16 x 0.25 mm3

2.15 to 27.70°

46ShS16

48SkS18

45 515 5

7162

941 [R(int) = 0.0282]

95.4 %

a = 12.4311(9) A

b = 14.430900) A

c = 3.9749(3) A

713.06(9) A3

4

4.663 Mg/rn3

18.404 rnrn'l

912

0.22 x 0.30 x 0.24 mm3

2.82 to 27.79°

~16ShS 16

~19SkS 18

455155

6852

929 [R(int) = 0.0275]

95.6 %

Full-matrix least-squares on F2

941 / 0 / 70

1.162

Rl = 0.0186

wR2 = 0.0395

R1 = 0.0200

wR2 = 0.0399

0.593 and —0.963 e.A'3

929 / 0 / 72

1.356

Rl = 0.0178

wR2 = 0.0397

Rl = 0.0186

wR2 = 0.0400

1.064 and —1.407 e.A'3

221/2

R1 = 2(|Fo|-|FC|)/Z|Fol; wR2 = [Z[W(F02' Fc21/ [2(wlFol ) 1
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Table 6-2-2. Atomic coordinates (A x 104) and equivalent isotropic displacement

parameters (A2 x 103) for EuNi2-xFexAlg and YbNi2-xFexAlg.

 

Wyk.

 

Atom Symbol x y z Occu. U(eq).

Eu 4h 6592(1) 1811(1) 5000 1.0 8(1)

Ni(l) 4h 5342(1) 5913(1) 5000 0.43 7(1)

Fe(l) 4h 5342(1) 5913(1) 5000 0.57 7(1)

Ni(2) 4h 8505(1) 4015(1) 5000 0.35 6(1)

Fe(2) 4h 8505(1) 4015(1) 5000 0.65 6(1)

Al(1) 2a 5000 5000 0 1.0 9(1)

Al(2) 4g 8399(1) 1197(1) 0 1.0 7(1)

Al(3) 4g 7642(1) 3275(1) 0 1.0 8(1) ‘

Al(4) 4h 4051(1) 2545(1) 5000 1.0 8(1)

Al(5) 4g 4737(1) 1330(1) 0 1.0 7(1)

Al(6) 4g 6682(1) 72(1) 0 1.0 8(1)

Al(7) 4g 5481(1) 3203(1) 0 1.0 8(1)

Al(8) 2d 0 5000 5000 1.0 8(1)

Al(9) 4h 6639(1) 4536(1) 5000 1.0 13(1)

Yb 4h 6579(1) 1809(1) 5000 1.0 9(1)

Ni(l) 4h 5341(1) 5924(1) 5000 0.35 6(1)

Fe(l) 4h 5341(1) 5924(1) 5000 0.65 6(1)

Ni(2) 4h 8488(1) 4023(1) 5000 0.49 5(1)

Fe(2) 4h 8488(1) 4023(1) 5000 0.51 5(1)

Al(1) 2a 5000 5000 0 1.0 8( 1)

Al(2) 4g 8374(1) 1211(1) 0 1.0 8(1)

Al(3) 4g 7633(1) 3253(1) 0 1.0 8(1)

Al(4) 4h 4027(1) 2546(1) 5000 1.0 7( 1)

Al(5) 4g 4752(1) 1331(1) 0 1.0 6(1)

Al(6) 4g 6678(1) 88(1) 0 1.0 8(1)

Al(7) 4g 5481(1) 3188(1) 0 1.0 7(1)

Al(8) 2d 0 5000 5000 1.0 6(1)

Al(9) 4h 6627(1) 4545(1) 5000 1.0 12(1)
 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
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Table 6-2-3. Anisotropic displacement parameters (A2 x 103) for EuNi2-xFexAlg and

 

 

YbNiz_xFexAlg.

Atom U11 U22 U33 U23 U13 U12

Eu 8(1) 11(1) 7(1) 0 0 -l(l)

M(l) 8(1) 6(1) 7(1) 0 0 -0(1)

M(2) 6(1) 6(1) 6(1) 0 0 0(1)

Al(1) 12(1) 6(1) 8(1) 0 0 -2(1)

Al(2) 5(1) 8(1) 8(1) 0 0 0(1)

Al(3) 7(1) 10(1) 8(1) 0 0 -2(1)

Al(4) 9(1) 6(1) 10(1) 0 0 0(1)

Al(5) 7(1) 8(1) 7(1) 0 0 -l(l)

Al(6) 9(1) 7(1) 9(1) 0 0 -2(1)

Al(7) 7(1) 6(1) 10(1) 0 0 0(1)

Al(8) 6(1) 6(1) 10(1) 0 0 -2(1)

Al(9) 9(1) 17(1) 13(1) 0 0 4(1)

Yb 8(1) 12(1) 6(1) 0 0 -1(1)

M(l) 7(1) 5(1) 5(1) 0 0 0(1)

M(2) 6(1) 5(1) 4(1) 0 0 0(1)

Al(1) 11(1) 6(1) 6(1) 0 0 -l(l)

Al(2) 6(1) 9(1) 8(1) 0 0 -l(1)

Al(3) 7(1) 10(1) 7(1) 0 0 -2(1)

Al(4) 10(1) 6(1) 7(1) 0 0 0(1)

Al(5) 6(1) 7(1) 6(1) 0 0 -1(1)

Al(6) 10(1) 7(1) 6(1) 0 0 -1(1)

Al(7) 7(1) 7(1) 8(1) 0 0 -1(1)

Al(8) 5(1) 8(1) 6(1) 0 0 -2(1)

Al(9) 8(1) 16(1) 11(1) 0 0 4(1)
 

-27t2[h2a*2Ull+...+2hka*b*U12]
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The anisotropic displacement factor exponent takes the form:

  



 

Figure 6-2-1. SEM image of a typical crystal of YbNi2-xFexAlg.

Physical Properties Characterization:

Magnetic measurements were conducted on single crystal and polycrystalline

samples of YbNi2-xFexAlg. Field-cooled and zero—field cooled dc magnetization

measurements were performed for the above samples using a Quantum Design MPMS

SQUID magnetometer. EDS-analyzed crystals were ground into powder, which was

sealed in kapton tape and placed into the magnetometer. The data were collected in the

temperature range 3-300 K at 1000 G, while field dependent magnetic measurements,

conducted at 5 K, were carried out in fields up to i 55000 G. A diamagnetic correction

was applied to the data to account for core diamagnetism.

Electrical resistivity of YbNi2-xFexAlg was measured over the temperature range 5

K ~ 300 K using a four-probe dc technique with contacts made using silver paste on a

pressed-pellet sample. Single crystals of YbNthexAlg were selected, ground into

powder and pressed into a pellet of 3 mm length, 2 mm width and 0.2 mm thickness. The

pellet sample was annealed at 350 °C for 3h. Thennopower data were collected on the
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pellet from 300 K to 400 K with a MMR Technologies, Inc. Seebeck measurement

system.

Mb'ssbauer Spectroscopy:

The Méssbauer spectra were taken on a polycrystalline sample of YbNiz-xFexAlg

with a constant—acceleration spectrometer, equipped with a 57C0 source in a Rh matrix.

The spectrometer was calibrated with metallic iron, and the isomer shift values were

reported relative to or-Fe. A closed-loop refrigerator system was used for the low

temperature measurements. An Oxford Instrument Variox 316 cryostat was used for

measurements at liquid—helium temperature.

6-2-3. Results and Discussion

Synthesis:

YbNi2-xFexAlg was discovered during an attempt to substitute Ni in Yb3Ni5A119

with Fe with the molar ratio 0.8 : 0.2 for Ni : Fe. PXRD showed that besides Yb3Ni5Allo,

another phase appeared in the product and elemental analysis indicated almost equal

amount of Ni and Fe. Single crystal X-ray diffraction analysis confirmed the existence of

YbNi2-xFexA13 which crystallizes in a different structure from Yb3Ni5A119. To optimize

this reaction, equal amount of Ni and Fe metals were combined to form YbNiz-xFexAlg

with a yield as high as 70%; however a large percentage of Yb3Ni5A119 remained as the

side product. Interestingly, when we tried to grow larger single crystals of YbNi2-xFexA13

by scaling up the reaction, i.e. the molar ratio of Yb : Ni : Fe : Al as 3 : 3 : 3 : 30, the

yield was greatly improved (90 %). To make the other rare earth analogs of this phase,
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we tried the reactions with equal amount of Ni and Fe metals. So far only EuNiz-xFexAlg

was obtained which will also be described in this section. For the other rare earth metals

only RE3N15A119 was found in the product.

Crystal Structure:

RENi2-xFeXAlg (RE = Eu, Yb) crystallize in a known structure type of CaCozAlg

with the space group Pbam.6 This is a rather stable structural arrangement as a number of

isotypical ternary phases have been reported which we already described in the

introduction section. The RENi2-xFexAlg family seems to be the first quaternary analogue

of the C3C02A13 structure type. Herein we will briefly describe the structure and local

coordination geometries with YbNi2-xFexAlg as an example. In this structure, there are

one crystallographically independent Yb site, two M sites (mixed occupied by Ni and Fe)

and nine Al sites. Figure 6-2-2 depicts the structure of YbNi2-xFexAlg in polyhedral view

down the c-axis. The M(1)- and M(2)-centered polyhedra, composed ofAl atoms, form a

three-dimensional framework with Yb ions sitting in the channels. Each channel is

composed of two M(1)-polyhedra and three M(2)-polyhedra which connect with each

other by sharing Al corners. As is Shown in Figure 6-2-3, the coordination environments

of M(l) and M(2) atoms are similar and best described as tri-capped trigonal prisms

composed of A1 atoms. On the ab plane, the M(l) polyhedra are condensed into dimers

by sharing faces containing two Al(1) and two Al(9) atoms. The bond distance between

M(1) atoms is 2.8051(12) A. Along the c-direction, these M(1)-centered polyhedra share

Al trianglular faces containing Al(1), Al(2) and Al(7) atoms. The distances between

these Al atoms range from 2.664(2) A to 2.997(2) A. The coordination geometry of the
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M(2) atom resembles that of M(l): each M(2) atom is surrounded by nine Al atoms

which form a tri-capped trigonal prism. Along the c-axis, these trigonal prisms share the

Al-based trigonal faces but without forming M(2)-dimers on the ab-plane.

The Yb atoms reside in distorted penta-capped pentagonal prisms composed of Al

atoms. This geometry is similar as those of the Yb atoms in Yb3Ni5A119 which are also in

distorted fashion.5 The distance from Yb to Al(9) atoms is 3.917(2) A, much longer than

the distances from Yb to the other Al neighbors which are between 3.1009(11) A to

3.2717(3) A.

Physical Properties:

Because of the explicit needle morphology and the large crystal size of YbNiz-

XFCXAlg, we were able to study its magnetic properties both isotropically (polycrystalline)

and anisotropically (single crystal). The temperature dependent molar magnetic

susceptibility data conducted on a polycrystalline sample is Shown in Figure 6-2-4A.

Above 50 K, the inverse magnetic susceptibility data can be fitted to the Curie-Weiss

Law, with calculated pen = 2.19 113, which is between the theoretical number for Yb2+ (0

113) and Yb3+ (4.54 113). This suggests that the Yb ions are of mixed valency nature in

this compound. It is noteworthy that no broad hump was observed in the susceptibility

data which is typical of mixed-valent systems.'9 In some other mixed-valent Yb-

containing compounds, this broad hump is not observed either, such as YbGaGe20 and

“2113665.”
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Figure 6-2-2. Crystal structure of YbNiz-xFexAlg in polyhedra of M(l) and M(2) atoms

viewed down the [001] direction. Large circles: Yb; black dots: Al; darker shaded

circles: M(l); lighter shaded circles: M(2).
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Al(6) Al(7)

Figure 623. Coordination environments of M(l), M(2) and Yb atoms.
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Table 6-2-4. Bond lengths (A) for EuNi2-xFexAlg and YbNi2-xFexAlg.

 

 

Bond Distance Bond Distance

Eu-Al(2) x2 3.1599(11) M(2)-Al(8) 2.3559(7)

Yb-Al(2) x2 3.1164(10) 2.3544(6)

RE-Al(3) x2 3.2102(11) M(2)-Al(9) 2.4560(16)

3.1695(11) 2.4380(15)

RE-Al(4) x2 3.2187(14) Al(1)-Al(2) x2 2.6523(14)

3.1892(14) 2.6768(14)

RE-Al(5) x2 3.1555(11) Al(1)-Al(7) x2 2.6752(14)

3.1009(11) 2.6870(13)

RE-Al(6) x2 3.2308(12) Al(1)-Al(9) x4 2.9551(11)

3.1890(11) 2.9162(10)

RE-Al(7) x2 3.1751(11) Al(2)-Al(4) x2 2.8397(14)

3.1326(10) 2.8028(13)

RE-Al(8) 3.2982(5) Al(2)-Al(6) 2.7004(19)

3.2717(3) 2.664(2)

M( 1 )-Al( 1) x2 2.4497(5) Al(2)-Al(7) 2.7494(19)

2.4353(4) 2.7644(19)

M(1)-Al(2) x2 2.5925(10) Al(3)-Al(4) x2 2.9316(14)

2.5874(9) 2.8834(14)

M( 1 )-Al(4) 2.3632( 1 5) Al(3)-Al(5) 2.687(2)

2.3470(14) 2.708(2)

M(1)-Al(7) x2 2.6029(10) Al(3)-Al(6) 2.740(2)

2.5804(9) 2.7887(19)

M(1)-Al(9) x2 2.5740(16) Al(3)-Al(7) 2.710(2)

2.5576(15) 2.682(2)
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Table 6-2-4. (Continued) bond lengths (A) for EuNi2-xFexAlg and YbNi2-xFexAlg.

 

 

Bond Distance Bond Distance

M(1)-M(1) 2.7825(13) Al(3)-Al(9) x2 2.9980(15)

2.8051(12) 2.997(2)

M(2)-Al(3) x2 2.5270(9) Al(4)-Al(5) x2 2.8125(13)

2.5177(9) 2.8048(13)

M(2)-Al(4) 2.3638(15) Al(4)-Al(7) x2 2.8612(14)

2.3653(14) 2.8470(14)

M(2)-Al(5) 2.5885(10) Al(5)-Al(6) 2.7004(19)

2.5892(10) 2.717(2)

M(2)-Al(6) 2.5432(10) Al(5)-Al(7) 2.8717(19)

2.5256(9) 2.8349(19)
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The negative value of Weiss constant (9 = -92.2 K) implies strong antiferromagnetic

coupling and/or a Kondo effect. However no magnetic ordering was observed down to 3

K. Below 20 K, the inverse magnetic susceptibility deviated from a linear behavior,

probably due to thermal depopulation of the crystal field effects.

The magnetization behavior of YbNi2-xFexAlg with the field perpendicular or

parallel to the c-axis is shown in Figure 6-2-4B. In both cases there was no sign of

magnetic saturation up to 55000 G; and substantial magnetic anisotropy was observed.

When the field was perpendicular to the c—axis, the magnetization values were higher

than those when the field was parallel to the c-axis. This orientation dependent behavior

implies that the magnetic spins are confined to the ab plane. In the case of applied field

perpendicular to the c-axis, the magnetization reached 0.16 us at 55000 G, which is only

about 4% of the saturation value.

Figure 6-2-5A shows the temperature dependent electrical resistivity p(T) of

YbNi2-xFexAlg, which indicates metallic behavior of this material. The resistivity value at

room temperature was ~185 uQ-cm, and it decreased with decreasing temperature

tending towards a constant value at low temperatures. A broad shoulder was observed

9 The thermoelectricaround 160 K, characteristic of intermediate valence systems.l

power, shown in Figure 6-2-SB, was about -1 uV/K at room temperature. The small

magnitude of the thermopower is also indicative of the metallic system of YbNi2_xFexAlg;

and the negative values suggest that it is an n-type material.
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Figure 6-2-4. A) Temperature dependent magnetic susceptibility of a polycrystalline

sample of YbNi2-xFexAlg under the field of 1000 G. B) Molar magnetization of YbNiz-

xFexAlg single crystals oriented with [001] axes perpendicular, parallel to the external

magnetic field and isotropic in fields up to 55000 G.
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Figure 6-2-5. A) Temperature dependence of the electric resistivity on a polycrystalline

pellet of YbNi2-xFexAlg. B) Temperature dependence of the thermoelectric power on a

single crystal of YbNi2-xFexAlg.
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Mo'ssbauer Spectroscopy:

To further probe the electronic state of Fe in RENi2-xFexA13, 57Fe Mossbauer

spectroscopy was taken at temperatures of 80 K and RT and the spectrum was fitted with

Lorentzian form, shown in Figure 6-2-6. The Mossbauer spectrum parameters are listed

in Table 6-2-5.

Each spectrum consists of two doublets indicting two Fe atomic sites (M1 and

M2) in the structure. The doublet with large quadrupole splitting is assigned to site Fe(l)

while the doublet with the smaller quadrupole value is attributed to site Fe(2), because

Fe(l) is also bonded to another Fe(l) atom besides nine Al atoms and the principal

electric field gradient at Fe(l) is larger than that of Fe(2). For the Fe(l) site, the

quadrupole splitting values AEq at RT and 80 K are the same — 063(2) mm/s; For the

Fe(2) site, the AEq values are 037(2) mm/s and 0.41(2) mm/s at RT and 80 K,

respectively. The similarities of the quadrupole splitting values AEq at different

temperatures suggest the absence of any transition in this temperature range. The isomer

shift value of Fe(l) is O.25(2) mm/s at 80 K, very close to the values of metallic Fe;

however the isomer shift value of Fe(2) is much higher— 0.42(2) mm/s which has more

ferric character. Similar nonmagnetic character of the Fe atoms was observed in other

Fe-containing intermetallic compounds, such as REFezAllo,22 REzFe3Si5,23 RE4Fe2+xAl7-

.333“ and RE4FeGa12_xGex.25
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Table 6-2-5. 57Fe Mossbauer spectra parameters for YbNi2-xFexAlg at RT and 80 K.

 

 

 

 

 

Site M(l) Site M(2)

IS 6 AEq Area IS e AEq 0

Temperature (K) (mni/s) (mm/s) (%) (mnli/s) (mm/s) Area (/o)

300 0. 15(2) 0.63(2) 67(2) 028(2) 037(2) 33(2)

80 025(2) 063(2) 66(2) 042(2) 041(2) 34(2)      
 

6-2-4. Conclusions

New quaternary intermetallic aluminides RENi2-xFeXAlg (RE = Eu and Yb) were

synthesized by using Al as a high temperature solvent. The RENi2-xFexAlg species are

the first quaternary analogues of the CaCozAlg structure type. Mixed occupancy is

present on both transition metal sites (M1 and M2) by Ni and Fe. Both magnetic

properties and Mossbauer spectra show that the Fe atoms do not carry magnetic

moments. Temperature dependent magnetic susceptibility indicates that the Yb atoms are

in an intermediate oxidation state with effective magnetic moment ucfr = 2.19 11.3. The

magnetization behavior studies point out that the ab plane is the easy plane on which the

magnetic moments are confined. Both resistivity and thermopower measurements exhibit

metallic character of YbNi2_xFexA13. Furthermore 57Fe Mossbauer spectra investigations

confirm the absence of magnetic ordering in this material.
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CHAPTER SEVEN

Synthesis and Characterization of New Zintl Phases:

Yb3Ale3 and Yb9A13Sb9

7-1. Introduction

In the past decade, there has been increasing interest in Zintl phases composed of

an alkaline-earth metal (Ca, Sr, Ba) or divalent rare earth metal (Eu, Yb), a transition

metal (Mn, Zn, Cd) or a group 13 element (Al, Ga, In) and a pnicogen element (P, As,

Sb, Bi).l In these systems, the classic octet rule (8-N) is satisfied and closed shell

configuration is achieved. These Zintl phases present a striking variety of structural

features and interesting electronic and magnetic properties. The 14-1-11 family

R14(TM)Pn11 ( R = Ca, Sr, Ba, Eu, Yb; TM = Mn, Zn, Cd; Pn = P, As, Sb, Bi) is such an

example that offers a wide range of interesting properties. Eu14MnSb11 is an intermetallic

collosal magnetoresistive material, presenting a metal-insulator transition associated with

a ferromagnetic phase transition at 92 K.2 EulaMnBin orders antiferromagnetically and

shows a large negative magnetoresistance possibly associated with strong ferromagnetic

3 Yb14MnSb“ exhibits a ferromagnetic transition at 52 K with well-fluctuations.

separated Mn3+ ions acting as local moments.4 YblaAlel 1 is a nonmagnetic nonmetallic

Zintl compound; when substituting trivalent aluminum ions with divalent Zn, the

isostructural compound YbMZnSb“ is formed with Yb ions in intermediate valence to

balance the charge.5 The 14-1-11 family is not the only example that is reluctant to

deviate from balanced charge. ngZn4Bi9 crystallizes in the orthorhombic Ca92n4Bi9

structure type, and magnetic susceptibility measurements indicated intermediate

oxidation state of Yb2+/Yb3+.6 So this compound was rationalized as (Yb3+)(Yb2+)g(Zn2'
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)4(Bi2')2(Bi")7. This discovery raised questions as to the nature of the parent compound

Caan4Bi9, which contains the same [ZmBi9]‘9' ribbons.7 However, there are only nine

divalent cations (Ca2+) in this compound and obviously the electron count falls one

electron short. Later Kauzlarich and co-workers reported Zintl compounds ngZn4+be9

and Cagzna58b9, the structure of which can be regarded as an interstitially stabilized

variant of the Cagszig structure type.8 The charges of these two compounds can be

balanced by accommodating additional Zn atoms, with both ytterbium and calcium ions

in +2 oxidation state, which is supported by magnetic measurements. This discovery

opened up the opportunity to reexamine the nature of previously reported fully

stoichiometric compounds AEgTM4Pn9 (AB = Ca, Sr; TM = Zn, Cd, Mn; Pn = Sb, Bi). It

might be interesting to study this system by substituting divalent Zn with trivalent Al

atoms in an attempt to tune the electronic properties.

Herein we describe the synthesis, structural characterization and physical

properties of new Zintl phase Yb9Alng9 grown from A1 flux. It also crystallizes in the

Cagszig structure type; the Zintl concept in this compound still holds with one of the

Al sites half occupied. During an attempt to explore the quaternary system Yb/Al/Sb/Si

in liquid Al, another new phase Yb3AISb3 was formed. It crystallizes in the Ca3Ale3

structure type and is the first rare earth analogue of the family AE3MPn3 (AB = Ca, Sr,

Ba; M = A1, Ga; Pn = Sb, Bi). Notably, Yb3Ale3 has the same stoichiometry as

Yb9A13Sb9, while they present different structure types and properties. In this chapter,

synthesis, crystal structure, physical properties and electronic structure calculations of

Yb3Ale3 and Yb9A13Sb9 Will be described.
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72. Experimental Section

Reagents:

The following reagents were used as obtained: Yb (Cerac, 99.9%), Sb (Cerac,

chips, 99.999%), Al (Cerac, 99.5%, -20 mesh).

Synthesis:

All manipulations were performed in a nitrogen-filled dry box. Yb, Sb and Al

metals were loaded in alumina crucibles, which were then put into the silica tubes (13mm

in diameter). These silica ampoules were sealed under vacuum (~104 Torr).

Initially Yb9A13Sb9 was obtained by combining 1 mmol Yb metal (0.173 g) and 1

mmol Sb (0.122 g) with a large excess amount of Al (0.810 g). The sample was heated to

1000 °C in 15 h, maintained at this temperature for 36 h, then slowly cooled to 250 °C in

3 (1. Finally the temperature was brought down to 50 °C in 5 h. The excess aluminum

was removed by soaking the crucible in aqueous 5M NaOH solution overnight. The solid

product remaining after the isolation procedure was rinsed with water and acetone. The

yield of ngAl3Sb9 was about 60% with the side products mainly YblaAle“lc and

A1Sb9.

After the structure of ngAthg was determined by single crystal X-ray

diffraction, we tried to produce a pure phase of Yb9Al3Sb9 by stoichiometric reactions.

The mixtures of the elements in ratio of 3:1 :3 for Yb:Al:Sb were heated to 750 °C in 2 d,

stayed at this temperature for 24 h and then slowly cooled to room temperature.

Yb9A13Sb9 was obtained as the major phase (80% yield) with trace amount of impurity

phases Yb1 1Sb1010 and Yb14Ale115.
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Yb3Ale3 was found during an attempt to explore the system Yb/Al/Sb/Si using

Al as a flux. 1 mmol Yb metal (0.173 g), 3 mmol Si (0.084 g), 1 mmol Sb (0.122 g) and

20 mmol Al (0.270 g) were combined in an alumina crucible. The sample was heated to

1000 °C in 48 h, maintained at this temperature for 36 h, then cooled to 500 °C in 36 h.

Yb3Ale3 can also be formed by direct combination reactions. The mixture with molar

ratio 1.5:0.5:1.5 for Yb:Al:Sb was heated to 1000 °C in 15 h, maintained at this

temperature for 4 h, then cooled to 850 °C in 2 h. It was annealed at 850 °C for 8 (1,

followed by slowly cooling down to 50 °C at a rate of 8 °C/h. Yb3Ale3 was found as

the major phase with traces of Yb5$b3 as the side product.11

Differential Thermal Analysis:

Differential thermal analysis (DTA) was performed on Yb3Ale3 and ngAl3Sb9

with a Shimadzu DTA-50 thermal analyzer. The ground samples (~20 mg) were sealed

in carbon-coated silica ampoule under vacuum. A silica ampoule containing equal

amount of alumina was sealed and placed on the reference side of the detector. The

samples were heated to 1000 0C at 10 °C/min and held for 5 min, followed by cooling at

—1 0 °C/min to 50 oC. The residue of the DTA experiment was examined with powder X-

ray diffraction.

X-ray Crystallography:

Single crystal X-ray diffraction data were collected for ngAthg and Yb3Ale3

at room temperature on a Bruker AXS SMART CCD X-ray diffractometer. Single

crystals grown from Al flux were selected and mounted on glass fibers. The data
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collections (Mo Ka radiation, A = 0.71073 A) were acquired covering a full sphere of

reciprocal space. The data acquisition and cell reduction were done with the SMART12

software package and data processing was performed with the SAINTPLUS software

package. '3 An empirical absorption correction was applied to the data using the

SADABS program.14 The structures were solved using direct methods and refined with

the SHELXTL package program. ‘5

Inspection of systematic absence conditions of ngAthg revealed two possible

space groups: centrosymmetric space group Pbam (#55) and non-centrosymmetric Pba2

(#32). These two candidates presented similar figure of merit. The centrosymmetric

space group Pbam was chosen and later structure refinement confirmed this choice.

Direct methods gave a structure solution with five Yb sites, five Sb sites and two Al sites.

Among them there were four atomic sites — Al(2), Yb(4), Yb(5) and Sb(5) showing

unreasonable high thermal parameters. Examination of Al(2) site revealed that it was

only 50% occupied (A1 is the lightest element in this compound). After this cycle of

refinement, the R1 factor dropped to 12.54% and the thermal parameters of Al(2) changed

back to normal. All the other three atomic sites Yb(4), Yb(5) and Sb(5) were found fully

occupied; and an analytical absorption correction was applied but could not solve the

problem of high thermal parameters. The bond distances between Al(2) and Yb(4) or

Yb(5) atom are 2.879(11) A, 3.044(11) A and 3.106(17) A, respectively, which are

shorter than the other Yb-Al bond distances (3.262(2) A ~ 3.503( 17) A); while the bond

distance from Al(2) to Sb(5) is 3.027(17) A, much longer than the other Al-Sb bond

distances (2.728(9) A ~ 2.768(9) A). We believe that it is the disordered Al(2) site that
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raises the thermal shifts of Yb(4), Yb(5) and Sb(5) atoms resulting in high thermal

parameters, position uncertainty and high standard deviations ofbond distances.

The structure of Yb3Ale3 was solved in a straightforward fashion. Inspection of

the systematic absence conditions brought two possible space groups: Pna21 (#33) and

ana (#62). ana is a centrosymmetric space group; plus its figure of merit is much

lower (2.59), so ana was chosen and later structure refinement proved that this was the

right one. Moreover, review of the literature revealed that Ca3A1Sb3 has similar cell

parameters and same space group: ana, a = 12.835(5) A, b = 4.489(2) A, c = 14.282(5)

A.16 This implies that Yb3Ale3 is an isostructural compound of Ca3Ale3_ All the seven

atomic sites were proved to be fully occupied and refined anisotropically. The R. factor

finally dropped to 2.44% with highest residual peak 1.98 e'/A'3, almost the same as the

deepest hole -—1.87 e'/A'3.

Data collection parameters and refinement details for Yb9A13Sb9 and Yb3Ale3

can be found in Table 7-1. Atomic positions, displacement parameters and anisotropic

displacement parameters for ngAthg and Yb3Ale3 are listed in Tables 7-2, 7-3, 7-4

and 7-5.

X-ray powder diffraction data were collected at room temperature with a CPS 120

INEL X-ray diffractometer (Cu Ka) equipped with a position-sensitive detector.

Experimental powder patterns were compared to the patterns calculated from the single

crystal structure solution (by the CrystalDiffract program 17) to determine the phase

identity and purity.
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Charge transport measurements:

Electrical conductivity and thermopower measurements were made on Yb9A13Sb9

and Yb3A1Sb3. The samples were ground and made into pellets. Conductivity

measurements were performed in the usual four-probe geometry. Thermopower data

were from 300 K to 400 K with a MMR Technologies, Inc. Seebeck measurement

system.

Magnetic Susceptibility Measurements:

Magnetic susceptibility measurements were performed with a MPMS Quantum

Design SQUID magnetometer. The data were collected in the temperature range 3-300 K

at 1000 G, while field dependent magnetic measurements, conducted at 5 K, were carried

out in fields up to i 55000 G. A diamagnetic correction was applied to the data to

account for core diamagnetism.

Band Structure Calculations:

To understand the bonding ian3AISb3, we carried out ab initio band structure

calculations using the density functional theory (DFT) formalism. The calculations were

performed using the self-consistent full-potential linearized augmented plane wave

method (LAPW), with the generalized gradient approximation (GGA) for the exchange

and correlation potential. Spin-orbit interactions were included in the calculations.
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Table 7-1. Selected crystal data and structure refinement details for Yb9A13Sb9 and

 

 

Yb3AISb3.

Empirical formula Yb9A138b9 Yb3AISb3

Formula weight 2734.05 911.35

Temperature 293(2) K 293(2) K

Crystal system Orthorhombic Orthorhombic

Space group Pbam (# 55) ana (#62)

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected

Independent reflections

Completeness to theta = 37.000

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>23igma(1)]

R indices (all data)

Largest diff. peak and hole

a = 12.433(2) A

b = 21.916(4) A

c = 4.5876(9) A

1250.1(4) A3

2

7.264 Mg/m3

42.905 mm"

2256

0.16 x 0.12 x 0.10 mm3

1.86 to 27.94°

455h515

-28$k£28

-6SlSS

12689

1612 [R(int) = 0.0765]

95.7 %

a = 12.838(5) A

b = 4.5028(17) A

c = 14.220(5) A

822.0(5) A3

4

7.364 Mg/m3

43.497 mm"

1504

0.43 x 0.26 x 0.33 mm3

2.14to 28.21°

-165115 16

-55k55

4751518

8651

1099 [R(int) = 0.0512]

97.3 %

Full-matrix least-squares on F2

1612 / 0 / 73

1.282

R. = 0.0648

wR2 = 0.1010

R. = 0.0838

wR2 = 0.1053

5.987 and — 7.848 e.A'3

2 2 2 2 172
R1 = Z(lFol-lFelVZlFol; wR2 = [2[W(Fo - Fc ]/ [2(WlFol ) l
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1099 / 0 / 44

1.092

R. = 0.0244

wR2 = 0.0517

R. = 0.0339

wR2 = 0.0541

1.978 and —l.868 e.A'3



Table 7-2. Atomic coordinates (A x 104) and equivalent isotropic displacement

parameters (A2 x 103) for Yb9A13Sb9.

 

Wyk.

 

Atom Symbol x y z Occu. U(eq).

Yb(l) 2b 0 0 5000 1.0 14(1)

Yb(2) 4g -1347(1) 2366(1) 0 1.0 11(1)

Yb(3) 4g 1247(1) 1325(1) 0 1.0 9(1)

Yb(4) 4g -844(1) 4153(1) 0 1.0 33(1)

Yb(5) 4h -2910(1) 958(1) 5000 1.0 25(1)

Sb(l) 4h -451(1) 1498(1) 5000 1.0 10(1)

Sb(2) 4h -2031(1) 3303(1) -5000 1.0 8(1)

Sb(3) 4g -3932(1) 1920(1) 0 1.0 9(1)

Sb(4) 4g -1886(2) 38(1) 0 1.0 10(1)

Sb(5) 2d 0 5000 -5000 1.0 53(2)

Al( 1) 4h 1097(7) 23 80(4) -5000 1.0 9(2)

Al(2) 4h -2298(13) 4545(8) -5000 0.5 9(6)
 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
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Table 7-3. Anisotropic displacement parameters (A2 x 103) for Yb9A13Sb9.

 

Atom

Yb( 1)

Yb(2)

Yb(3)

Yb(4)

Y19(5)

Sb( 1)

Sb(2)

Sb(3)

Sb(4)

Sb(S)

A1( 1)

Al(2)

Ull

12(1)

11(1)

10(1)

11(1)

26(1)

8(1)

10(1)

7(1)

11(1)

123(5)

10(4)

0(9)

U22

14(1)

6( 1)

8(1)

8(1)

28(1)

11(1)

3(1)

6(1)

5(1)

28(2)

4(4)

8(10)

U33

15(1)

15(1)

10(1)

78(3)

21(1)

11(1)

10(1)

14(1)

14(1)

9(2)

12(4)

19(11)
C

I
»
)

D
J

O
O
O
O
O
O
O
O
O
O
O
O

(3
..

O
O
O
O
O
O
O
O
O
O
O
O

2(1)

2(1)

2(1)

-3(1)

16(1)

0(1)

0(1)

-2(1)

0(1)

41(3)

1(3)

-3(6)
 

~2n2[h2a*2Ul l+. . .+2hka*b*U12]
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The anisotropic displacement factor exponent takes the form:

 

 

 



Table 7-4. Atomic coordinates (A x 104) and equivalent isotropic displacement

parameters (A2 x 103) for Yb3AISb3.

 

 

 

 

 

Atom Symbol x y 2 U(eq).

Yb(l) 4c 9404(1) 2500 6114(1) 13(1)

Yb(2) 4c 2272(1) 2500 7212(1) 13(1)

Yb(3) 4c 6500(1) 2500 4941(1) 14(1)

Sb(l) 4c 7562(1) -2500 6190(1) 11(1)

Sb(2) 4c 8864(1) 2500 3905(1) 11(1)

Sb(3) 4c 9599(1) 2500 8507(1) 11(1)

Al 4c 9334(3) 2500 2031(2) 13(1)

Um) is defined as one third of the trace of the orthogonalized U1]- tensor.

Table 7-5. Anisotropic displacement parameters (A2 x 103) for Yb3Ale3.

Atom U” U22 U33 U23 U13 U12

Yb(l) 10(1) 13(1) 16(1) 0 0(1) 0

Yb(2) 12(1) 11(1) 16(1) 0 -2(1) 0

Yb(3) 14(1) 13(1) 15(1) 0 -1(1) 0

Sb(l) 10(1) 8(1) 15(1) 0 1(1) 0

Sb(2) 11(1) 11(1) 10(1) 0 0(1) 0

Sb(3) 9(1) 9(1) 14(1) 0 1(1) 0

Al 12(1) 12(1) 14(1) 0 1(1) 0
 

The anisotropic displacement factor exponent takes the form:

-21t2[h
2211

a*U +. . .+2hka*b*U'2]
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7-3. Results and Discussion

Synthesis and Differential Thermal Analysis:

Initially both ngAl3Sb9 and Yb3Ale3 were prepared in molten Al. The isolated

crystals were shiny and black with needle morphology. The stoichiometries of the two

compounds are identical, however they adopt different structure types which will be

described in detail in the crystal structure section.

Both compounds can be made by stoichiometric reactions, and small amount of

impurity phases such as Yb..Sb.o and Yb5Sb3 were also detected by powder X-ray

diffraction analysis. ngAl3Sb9 was synthesized at 750 0C, but reactions at high

temperatures (850 °C) formed Yb3Ale3, which suggests that Yb3AISb3 is probably a

more thermodynamically stable phase. This argument is also supported by DTA

experiments. Powder X-ray diffraction pattern afier DTA showed that Yb9A13Sb9

converted to ngAle; along with some Yb58b3. The more thermodynamically stable

phase Yb3AISb3 melts at 820 °C and recrystallizes at 801 °C.

Crystal Structure ofY129/i]3Sb9:

The crystal structure of Yb9A13Sb9 is shown in Figure 7-1. The main feature of

this structure, as described elsewhere,” is the ribbon-like chains (Figure 7-2A) composed

of four Alea tetrahedral units running along the c-axis. The four Alea units are

connected with each other by sharing Sb comers. Sb(2), Sb(3) and Sb(4) atoms are

shared by Al(1)- and Al(2)-centered tetrahedra to form a ribbon, see Figure 7-2A. The

Sb(5) atom is bridging two double-chains in a linear fashion with A1(2)-Sb(5)—A1(2) angle

of 180°. The five different Yb cations occupy the empty spaces between the chains to
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counter-balance the charge. Their coordination environments are shown in Figure 7-

2B~F, all featuring a distorted octahedral geometry composed of Sb atoms. The bond

distances between Yb and Sb atoms fall in the range of 3.090(2) ~ 3.423(2) A. For the

Yb(3), Yb(4) and Yb(5) atoms, they are also capped by four, two and one Al atom,

respectively. The disorder of Al(2) results in unusual close contact of Yb(4)-Al(2) which

is 2.879(11) A, much shorter than the other Yb-Al bond distances (3.044(11) ~ 3.503( 17)

A).

An interesting feature of the structure of Yb9A13Sb9 is on the Al(2) site. There are

two independent Al sites: Al(1) is fully occupied, while Al(2) site is only 50% occupied.

The possibility that this site could be occupied by a lighter element was excluded since

EDS analysis did not detect any other element.

According to the Zintl concept, the formal charge of a four-bonded Zn atom can

be assigned as an' and those one-bonded Sb and two-bonded Sb atoms can be assigned

as sz' and Sb“. So for the AEgTMaPng family (AB = Ca, Sr; TM = Zn, Cd; Pn = Sb,

Bi), the anion lattice can be described as [(TMZ')4(1b-Pnz')2(2b-Pnl’)7]'9’, which requires

19 electrons to balance the charge. However the divalent alkaline metal cations can only

provide 18 electrons, which challenges the correctness of this structure. The publication

of the charge-balanced Zintl phase ngZn4Bi9 first raised this concern.6 In this formula

the Yb ions are mixed-valent of szi/Yb3+ instead of divalent, and this argument is

supported by magnetic susceptibility measurements. So ngZmBig can be rationalized as

[(Yb3+)(Yb2+)3][(Zn2')4(1b-Biz')2(2b-Bil')7]. Later two other members Yb9Zn4,5Sb9 and

Caan45Sb9 were discovered.8 Additional Zn atoms were found in these two structures

which connect two [Zme9]'9' ribbons to form a [Zna.5Sb9]'8’ anionic sub-lattice.
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Therefore the ytterbium or calcium cations in ngZn4,5Sb9 and Ca92n4_5Sb9 are in divalent

oxidation state. The present compound Yb9A13Sb9 demonstrates its Zintl nature by

requiring less Al components since divalent Zn ions are substituted by trivalent Al atoms.

According to the simple formal oxidation rules, this Yb9A13Sb9 composition gives a

complete charge balance: (Yb2+)9[(Al3+)3(Sb3')9].

Crystal Structure of Yb3Ale3:

As mentioned before, Yb3Ale3 crystallizes in the Ca3Ale3 structure type.16

Ca3GaAS3, Ca3InP3 and Sr3InP3 are isostructural compounds that belong to this family.'8

As shown in Figure 7-3, this structure is composed of Ale4 tetrahedra which form an

infinite chain along the b-axis by sharing Sb corners; these [Ale3]6' anionic species are

separated by Yb ions, which occupy the empty spaces and provide charge balance.

Interestingly, Ba3Ale3 and Ba3GaSb3 have the same stoichiometry as Yb3Ale3;

however in these two compounds two distorted MSb4 (M = A1, Ga) tetrahedra are

connected by a common Sb-edge to form an isolated dimeric anion [M2Sb6]'2'. Another

compound with the same stoichiometry was reported by Cordier —— Sr3GaSb3, in which

distorted GaSb4 tetrahedra are connected by common Sb corners, to give strands with

groups of four tetrahedra as the repeating unit.18 It is not clear at this point whether size

determines the structure type; since Yb and Ca are similar in size, although Sr is a larger

cation than those two.

Figure 7-4A depicts how the Ale4 tetrahedra form a polymeric chain by sharing

Sb atoms. The MPna (M = A1, Ga; Pn = As, Sb, Bi) tetrahedron is a very common unit

and it has been observed in many Zintl phases, such as A5M2Pn6,l9 A..MPn920 and
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A.4MPn...20"’ 2' In Yb3Ale3, the Al-centered tetrahedra are built of three

crystallographically inequivalent Sb atoms: Sb(l), Sb(2) and Sb(3). The bond distances

are quite similar: 2.713(4) A, 2.732(4) A and 2.744(2) A for Al-Sb(l), A1-Sb(2) and Al-

Sb(3) respectively. The Ale4 tetrahedron unit is in a distorted fashion with Sb-Al-Sb

angles 112.46(8)° and 108.96(9)°, which are deviated fiom the ideal tetrahedral angle of

1095".

The three independent Yb sites occupy the space between the Ale4 tetrahedra;

and their local coordination environments are shown in Figure 7-4B,C&D. Both Yb(l)

and Yb(3) atoms are sitting in distorted octahedral geometries composed of six Sb atoms.

The Yb-Sb bond distances are in the range of 3.1173(9) A ~ 3.4113(15) A, which are

comparable to the sum of the covalent radii of Yb and Sb atoms (3.20 A). The Yb(2)

atoms are also in distorted octahedral geometries; in addition, the Yb(2) atom is also

bonded to two capping Al atoms with Yb-Al distance 3.237(3) A.

According to the Zintl concept, the formal charge of a four-bonded Al atom can

be assigned as Al" and those one-bonded and two-bonded Sb atoms can be assigned as

sz' and Sb". So the formula Yb3AISb3 can be rationalized as (Yb2+)3[(Al")(1b-Sb2'

)2(2b-Sbl')]. Alternatively one can also describe the formula as (Yb2+)3[(Al3+)(Sb3')3]

using formal oxidation numbers.

Charge Transport Measurements:

To assess the thermoelectric properties of these two Zintl phases, we conducted

preliminary studies of the electrical conductivity and thermoelectric power on Yb3Ale3

and Yb9A13Sb9. Yb3Ale3 and Yb9A13Sb9 exhibit similar charge transport properties.
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The electrical conductivity for Yb3Ale3 and Yb9A13Sb9 at room temperature was 230

S/cm and 272 S/cm, respectively, comparable to the other Zintl phases such as

Baalngsbm' (135 S/cm) and Yb51n28b6 (100 S/cm).22 The thermoelectric power of

polycrystalline pellets of Yb3Ale3 and ngAl3Sb9 was measured as a function of

temperature (Figure 7-5). So far the thermopower of Yb9A13Sb9 could only be measured

up to 400 K due to the fact that pressed pellets often lose contact at higher temperatures.

In both cases of ngAle; and Yb9A13Sb9, the positive values of thermopower indicate

holes as the charge carrier. The value of the thermopower for Yb3Ale3 was about 10

uV/K at room temperature and rose to ~21 uV/K at 700 K. For Yb9A13Sb9, the

thermopower varied from +29 to +45 uV/K between 300 and 400 K, and showed a linear

increase with rising temperature.

Magnetic Susceptibility Measurements:

Single crystals of Yb3Ale3 and ngAl3Sb9 grown from Al flux were picked and

ground into powders for the magnetic susceptibility measurements. In both cases, the

high temperature (above 60 K) magnetic susceptibility data was nearly temperature

independent, as expected for divalent Yb ions (pm = 0). This observation is consistent

with electron counting and band structure calculations. The low temperature magnetic

susceptibility might come from impurities such as Yb203.
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Band Structure Calculations:

In order to compensate for the inability of Density Functional Theory (DFT) to

accurately model the highly correlated f-electrons, the calculations were performed on

four different compounds Yb3A1Sb3, Lu3Ale3, La3AISb3 and Ca3A1Sb3, three of which

have different f-level configurations. The Ca system does not have an f-level in the

energy range of interest and it is isostructural with the three rare earth systems. The

density of states (DOS), as computed for the above mentioned compounds are shown in

Figure 7-6. There are several similar features in these diagrams: a narrow band located at

-10 eV, corresponding to the 5 levels of the Sb ions, a smaller band at -6 and -5 eV, due

to the Al s level and finally the wide valence and conduction bands which indicates the

strong hybridization between the Al s, p and Sb p states.

The sharp, narrow bands corresponding to the f-level of Yb, Lu and La are visible

in Figure 7-6A, B and C respectively. In the cases of Yb and Lu, the f-levels are very

narrow (0.1 eV) and are energetically split in two groups because of the spin-orbit

coupling. The crystal field splitting can also be seen on the f-level of the Lu ion. In

contrast the empty f-level of La is much broader (0.5 eV), due to strong hybridization

with the conduction band.

The DOS at the Fermi level of LU3Ale3 and La3Ale3 is nonzero, indicating

metallic character of these compounds. In the case of the Yb system, the bands near the

Fermi level are composed of f states of Yb, p and s orbitals of Al and p states of Sb. The

nonzero DOS at the Fermi level suggests that this is also a metallic system. However, the

number of electrons occupying the conduction band may be very small. Further a small

downward shift in the position of the f-level will make Yb3Ale3 a semiconductor. In
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this case the Yb ions are in a 2+ oxidation state, consistent with our charge balanced

formulism and the diamagnetic nature of the compound. The DOS plot in Figure 7-6D

shows a semiconducting gap of about 0.4 eV for Ca3Ale3. Since DFT tends to

underestimate the band gap value, the actual semiconducting gap may be larger than 0.4

eV.
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Yb; black small circles: Al; gray medium circles: Sb.

 

 

Figure 7-1. Crystal structure of Yb9A13Sb9 viewed down the c-axis. Large empty circles:
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Figure 7-3. Crystal structure of Yb3Ale3 viewed along the b-axis. Large empty circles:

Yb; black small circles: Al; gray medium circles: Sb.
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Figure 7-4. Structure of Yb3Ale3. A) Polymeric chain [Ale3]6‘ viewed down the a-axis.

B) C) D) Immediate coordination enviromnent ofYb atoms.
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Table 7-6. Selected bond lengths (A) for Yb9A13Sb9.

 

 

 

 

 

Bond Distance Bond Distance

Yb(1)-Yb(3) x4 4.0117(11) Yb(4)-Al(2) 3.044(11)

Yb(1)-Sb(1) x2 3.330(2) Yb(4)-Sb(2) 3.3029(17)

Yb(1)-Sb(4) x4 3.2813(14) Yb(4)-Sb(3) 3.345(2)

Yb(2)-Yb(3) 3.9506(19) Yb(4)-Sb(4) 3.423(2)

Yb(2)-Yb(3) 4.1452(19) Yb(4)-Sb(5) 3.1318(10)

Yb(2)-Yb(4) x2 3.967(2) . Yb(4)-Yb(4) 4.265(3)

Yb(2)-Yb(5) x2 4.3084(19) Yb(4)-Yb(5) x2 4.317(2)

Yb(2)-Sb( 1) x2 3.1818(17) Yb(5)-Al(2) 3.106(17)

Yb(2)-Sb(2) x2 3.1937(16) Yb(5)-Sb(1) 3.278(3)

Yb(2)-Sb(3) 3.359(2) Yb(5)-Sb(3) x2 3.3653(18)

Yb(2)-Sb(3) 3.386(2) Yb(5)-Sb(4) x2 3.3086(18)

Yb(3)-Yb(4) x2 3.765(2) Yb(5)-Sb(5) 3.3404(18)

Yb(3)-A1( 1) x2 3.262(6) Sb(1)-Al(1) 2.728(9)

Yb(3)-Al(2) x2 3.489(12) Sb(2)-Al(1) 2.767(9)

Yb(3)-Sb(1) x2 3.1404(16) Sb(2)-Al(2) 2.743(17)

Yb(3)-Sb(2) x2 3.2427(17) Sb(3)-Al(1) x2 2.760 (5)

Yb(3)-Sb(4) 3.090(2) Sb(4)-Al(2) x2 2.730(9)

Yb(4)-Al(2) 2.879(11) Sb(5)-Al(2) 3.026(16)

Table 7-7. Selected bond lengths (A) for Yb3Ale3.

Bond Distance Bond Distance

Yb(1)-Yb( 1) x2 4177203) Yb(2)-Sb(3) 3.1582(14)

Yb(1)-Yb(3) 4.0839(15) Yb(3)-Sb(1) x2 3.1747(10)

Yb(1)-Sb(1) x2 3.2670(11) Yb(3)-Sb(2) 3.3733(14)

Yb(l)-Sb(2) x2 3.1645(11) Yb(3)-Sb(3) x2 3.3500(10)

Yb(1)-Sb(3) 3.4113(15) Yb(3)-Sb(3) 3.2910(12)

Yb(2)-Al(1) x2 3.237(3) Sb(1)-Al(1) 2.713(4)

Yb(2)-Sb( 1) x2 3.2205(10) Sb(2)-Al(1) 2.732(4)

Yb(2)-Sb(2) x2 3.1173(9) Sb(3)-Al(1) x2 2.744(2)
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Figure 7-5. A) Temperature dependence of the thermopower for a pressed pellet of

Yb3Ale3 from 300 to 700 K. B) Temperature dependence of the thermopower for a

pressed pellet ofngAthg from 300 to 400 K.
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Figure 7-6. (A) The total DOS of Yb3AISb3. The upper spin-split f-band (fm) is located

near the Fermi level. (B) The total DOS of Lu3Ale3. The filled f band is located below

-5 eV. (C) The total DOS of L33AISb3 with the empty f-level located in the conduction

band. (D) The total DOS of Ca3Ale3. A band gap of about 0.4 eV shows the

semiconducting character of the Ca compound.
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7-4. Conclusions:

We have synthesized and structurally characterized the new ternary zintl phases

Yb3A1Sb3 and YboA13Sb9. Both phases can be obtained by the Al flux method and direct

combination reactions. The fact that Yb3Ale3 was obtained at higher temperature

implies that Yb3Ale3 is a more thermodynamically stable phase, and DTA experiments

confirmed this conclusion. Although these two phases present the same stoichiometry,

they exhibit different structure types. Yb3Ale3 is composed of Ale4 tetrahedra forming

infinite chains along the b-axis; while the main feature of ngAthg is a ribbon-like

chain composed of four Ale4 tetrahedra which connect with each other by sharing Sb

comers. The discovery of Yb9A13Sb9 demonstrated the zintl nature of the 9-4-9 family:

this structure managed to maintain charge-balance by reducing ‘A of the Al atoms. Thus

the charge of the anionic chain is —18; and the Yb cations are in divalent oxidation state

which is supported by magnetic susceptibility measurements.
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CHAPTER EIGHT

Conclusions and Future work

It has been demonstrated that the Al flux method is an effective approach to

synthesize single crystals of new intermetallic phases. To better understand the reaction

pattern of A1 with a transition metal and silicon or germanium, we systematically

investigated the system RE/Au/Al/Ge in liquid Al. In this system, Al is serving as a

reactive solvent and it tends to form quaternary compounds with Ge. In addition, parallel

chemistry was found between the first row and the third row transition metals, especially

between Au and Ni. The hexagonal phase RETMAI4G62 can be formed both with Au and

Ni; REAuA14(AuxGe.-x)2 and RENiA14(Siz.,.Ni,.)l are isostructural phases which have a

transition metal and tetrelide on the mixed-occupied site.

Our results in the system RE/Au/Al/Ge also gave a clear comparison between Si

and Ge chemistry. Au reacts with RE and Si in liquid A1 to form a number ofnew phases

such as the Th2(AuxSi.-x)[AuA12]..Siz homologous series,2 REAuaA138i,3 RE;gAuAl.3Si44

and REAu3Al7.S The common feature of these compounds is the hexagonal antifluorite-

type slabs regarded as fragments of the bulk AuAlz structure, which is absent from our

Ge-containing compounds REAuAl4Ge2 and REAuA14(Au,.Ge.-,.)2 (x = 0.4). To further

understand both the similarities and differences between Si and Ge systems, reactions

with the second row transition metals especially Ru, Rh and Ag should be looked at in

the future.

Our investigations of the ternary systems V/Al/Ge and Co/Al/Si led to the

discovery of three new phases: V2A15Ge5, Co.9A1458i.0-,. (x = 0.13) and C05A1148i2.

V2A15Ge5 was the first known ternary member in the V/Al/Ge system. Its structure

234   



features unusual pentagonal columnar building blocks with a one dimensional V-V chain

running along the central axis of the pentagonal columns. Magnetic susceptibility

measurements indicate Pauli paramagnetism for this compound, which is consistent with

the metallic behavior predicted by electronic structure calculations. Co.9A145Si.o.x (x =

0.13) and C05A114812 are two new silicides exhibiting highly complicated structures and

large unit cells. C05A1148i2 shows remarkable oxidation resistance with only less than

3% weight gain up to 900 °C. These ternary systems can be extended to the quaternary

ones TM1/TM2/Al/Si(Ge). Although some alloys formed in these systems have been

used as advanced materials, there is a Significant lack of structural information about

these phases. Considering the fact that the metal flux method is very powerful to grow

single crystals of intermetallics, explorations on the systems TM1/TM2/Al/Si(Ge) might

be helpful in understanding the composition, structure and properties of these alloys.

Given the fact that there are more than twenty transition metals available, a rich

chemistry is expected from the systems TM1/TM2/Al/Si(Ge). The systems TM/Al/Si(Ge)

and TM./TM2/A1/Si(Ge) are of particular interest not only from a viewpoint of

discovering new materials but also desirable properties, especially oxidation resistance

properties.

Of all the rare earth-containing intermetallic compounds, Yb-based ones are

particularly interesting because they often exhibit unique properties associated with

mixed valency of Yb2+/Yb3+. Yb3NisAl.o and YbNi3A19 have been characterized and

both show intermediate valence behaviors. Other rare earth analogues of Yb3Ni5A119

have also been synthesized, among which the Sm3Ni5A119 analogue shows interesting

magnetic properties. It has two different magnetic ordering events occurring at 5 K
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(antiferro-) and 150 K (ferro-) with the applied magnetic field perpendicular to the a-axis.

When the field is parallel to the a-axis, these transitions are far less significant and it

could be due to the fact that the spins are confined to the bc—plane.

The discovery of YbGaGe, which showed zero thermal expansion (ZTE) between

10 K and 300 K, prompted us to carry out more investigations on the Yb-containing

compounds.6 Since YbGaGe and Yb3Ni5A119 show similar intermediate valence

behavior, Yb3Ni5A119 could be a good candidate to study the unusual zero thermal

expansion property. We successfully substituted Ni in Yb3Ni5A119 with Fe and other

transition metals and observed larger cell voltune of the substituted compounds.

Substitution of Ni by Fe or Mn did not significantly change the thermal expansion

property of Yb3Ni5-xTMxAl.9 from 100 K to 298 K; while the thermal expansion

coefficient of Yb3Ni5-xCuxAl.9 was much lower than that of the parent compound

Yb3Ni5A119, however, no clear trend was observed when the x values increased. On the

other hand we found that substitutions of Ni with other transition metals, especially Cu,

can modify the magnetic properties of the parent compound Yb3N15A119. The substitution

of Ni by Cu causes cell volume expansion so this system is driven by negative chemical

pressure towards the Yb2+ regime while still in the Yb2+/Yb3+ intermediate state. With

more Cu added into the structure, the effective magnetic moment 1.16.1 for ngNi5-xCu,.Al.9

(x = 1) appears to be very close to that of the free Yb3+ ion (theoretical value 1.16.1 = 7.86

113 per formula), which could be due to an increment of the number of conduction

electrons, and hence a rise of the Fermi level. Therefore the hybridization between the 4f

electrons and the conduction band is decreased, causing a quenching of the Kondo effect.

In order to explain the changes in the hybridization between 4f electrons and the
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conduction band, both volume and Fermi level modification have to be taken into

account.

The use of chemical pressure to tune Yb hybridization can be also applied to the

other Yb-containing compounds, such as the charge-balanced Zintl phase Yb9A13Sb9 in

which the Yb ions are in a divalent oxidation state. The partial substitution of Al ions by

larger Zn ions might cause changes of the 4f-conduction electron hybridization, which

can be tracked by magnetic susceptibility measurements.

When we tried to substitute Ni with Fe in Yb3Ni5A119, new quaternary

intermetallics RENi2-xFexAlg (RE = Eu and Yb) were isolated from liquid aluminum.

The RENi2-xFexAlg species are the first quaternary analogues with the C3C02A13 structure

type.7 Both magnetic properties and Mdssbauer spectra of YbNi2-,.FexAlg show that the

Fe atoms do not carry magnetic moments. Temperature dependent magnetic

susceptibility measurements indicate that the Yb atoms are in an intermediate oxidation

state with effective magnetic moment peg = 2.19 1.13. The magnetization behavior studies

indicate that the ab plane is the easy plane on which the magnetic moments are confined.

The discovery of these new phases might give us a direction to explore the systems

RE/TMl/TMz/Al using Al as a flux. It has been discovered that in the presence of a

divalent rare earth metal or alkaline earth metal, Au reacts with an early transition metal

to form cubic phases M3Au6+xA126T (M = Ca, Sr, Eu, Yb; T = early transition metals from

groups 4-7).8 The crystal structure is a stuffed variant of the BaHg.. type and the

transition metal site can be a host for a variety of early transition metals. Therefore it

would be interesting to examine the systems containing a rare earth metal, an early

transition metal, a late first row transition metal in liquid aluminum. We would be
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especially interested in Ce- and Yb-containing intermetallic phases with an eye on the

behaviors associated with 4f-conduction electron interactions.
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