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''The action of Heaven is strong and dynamic. In the same manner, the noble man 
never ceases to strengthen himself.** 

- 1-Ching, Qian (No. I), Commentary on the images (Translated by Richard John Lynn) 
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CHAPTER 1 

GENERAL INTRODUCTION 

Understanding the structure and property relationships of intermetallic compounds 

has been a goal of solid state chemists for decades.'"^ A great deal of synthetic effort has 

resulted in many new compounds with known or novel structure types/ Significant 

achievements in models for predicting structural features and properties of intermetallic 

compounds have been developed.' " One of the thoroughly studied systems is the Hume-

Rothery phases. These compounds are made up of late transition metals (groups 8-12) 

through the post-transition metals, and their structural types can be predicted by their average 

valence electron concentration per atom (vec) between 1.0 and 2.0 e"/atom.' For example. In 

Ali-xCux system, the vec of AI2CU3 (e-brass) is (2x3+3x1 )/5 = 1.8 (d electrons of Cu are 

excluded) and the structure type of AI2CU3 adopts the hexagonal close-pack (h.c.p.) structure 

(see Figure la). On the other hand, the P-brass (Ali-xCu*, x = 0.70~0.82, vec = 1.36 ~1.6) 

adopts the body centered cubic (b.c.c.) structure type. Another example is Wade's rule that 

relates the structure of molecular cluster (e.g. borane clusters) with its "magic" electron 

count.^ During the last decade, theoretical calculations have been extensively used to 

understand the electronic structures of solid state compounds.^ '^ One of the contributions 

was the application of the second-moment scaling to sort the relative stability of elements in 

different structure types." 

The concept of the valence electron concentration per atom (vec) has been applied to 

identify structure types of Hume-Rothery phases and may be used as an index to group 

intermetallic compounds. The vec can be calculated in two ways: 
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a) e"/atom: The vec is calculated as the total number of valence electron divided by 

the number of atoms per formula. This definition includes every atom in the formula and was 

used in the Hume-Rothery phases. This counting scheme was applied to the Mg-Zn-Al 

system because of the similar electronegativities for Mg(l.31), Zn (1.65), and A1 (1.61). 

b) e"/e!ectronegative atom: The vec is calculated as the total number of valence 

electron per formula divided by the number of electronegative atoms per formula. This 

definition was used in ZintI phases because such compounds contain electropositive elements 

(e.g. alkali/alkaline earth metals). The electropositive elements are treated as electron donor 

and the vec does not include the contribution of such metal. For example, in the BaZn^AU.^ 

(0 < X < 2), the vec range is between 3.0 (BaZn2Al2, vec = (2 + 2x2 + 2x3)/4 = 3.0) and 3.5 

(BaAU) e7anions. 

Three possible groups of intermetallic compounds can be categorized by different vec 

ranges and they are discussed below; 

1) 1.0 < vec < 2.0: Hume-Rothery phases represent compounds with such a vec range. 

As mentioned before, the structure types (e.g., h.c.p. or c.c.p.) of Hume-Rothery 

phases depend on the vec range. Their structures are more complex than 

corresponding elementals and their packing efficiencies are usually higher than that 

of the metal elements themselves due to different atomic sizes. The composition of 

Hume-Rothery phases is flexible resulting in phase widths. For example, the c-brass 

phase (h.c.p.) is between 56 and 60 atom% Cu in AluxCUx binary system. 

2) vec ^ 4.0: Zint! phases stand for the intermetallic compounds in such vec range. The 

Zintl phases usually contain two kinds of metals: one is an electropositive metal (i.e.. 
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group 1 or 2 element) and the other is a main group element from group IB-ie.'"* To 

calculate the vec for ZintI compound, the electropositive metal is treated as an 

electron donor and the vec is calculated by the total number of valence electrons (per 

formula) divided by the number of main group metal atoms. For example, the vec of 

LiAl is equal to (1 + 3)/l = 4.0. According to the Zintl-Klemm concept, the main-

group element is reduced by the electropositive metal and the electronic configuration 

of the reduced atom fulfills the octet rule. Therefore, Al is reduced by Li and the ionic 

substructure of j [Af] is equivalent to the diamond network because Al" has the 

same number of valence electrons as C (see Figure Ib).'^ Since each atom from the 

ionic network comply with the octet rule, the Zintl compounds are electron precise 

with fixed compositions. 

.Al 

Li 

(a) AI2CU3 (b) LiAl 

Figure 1. The structures of AI2CU3 (a) and LiAl (b) 
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3) 2.0 < vec < 4.0 : The structure types of compounds with this vec range are more 

complex than Hume-Rothery and Zintl phases, and classification of their relationship 

between vec and structure types is difficult. For example, the NaZn^-type phase 

exists in the ternary Ba-Cu-Al and Ba-Zn-Al systems. The structure of NaZn^-type 

phases are similar to close packed structure (average coordination numbers > 9). 

while the observed vec for both compounds are nearly fixed at vec ~ 2.35(3). Both 

compounds contains building blocks of icosahedral units, however, the BaCusAlg (vec 

= (2+lx5+3x8)/13 = 2.38) contains filled Mu icosahedra units while the BaZnioAh 

(vec = (2+2x10+3x2)/!2 = 2.33) contains empty M12 icosahedra units. An electronic 

rationale for the formation of BaZnioAb is discussed in Chapter 2. 

Intermetallic compounds from the third group (2.0 £ vec < 4.0) show properties 

similar to both Hume-Rothery phases and Zintl phases. For example, the Mg2-y(Zn*Ali.x)3+y 

(R-phase) system not only exists in a phase width (similar to Hume-Rothery phases) but also 

shows brittle behavior that is common to Zintl phases. The coexistence of the above 

properties makes the third group of compounds (2.0 ^ vec < 4.0) interesting and worthwhile 

for further investigations to understand their structural (i.e., site preference, phase width, etc.) 

and physical properties (i.e., mechanical and thermoelectric behaviors). These studies may 

lead to the development of new functional materials for applications such as high 

temperature metallic alloys, high strength alloys, thermoelectric materials, and 

superconductors, or their structures may provide a possible model to understand the structure 

of quasicrystalline compounds.'^'^ 
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Our research on the third group of intermetallic systems (2.0 < vec < 4.0) has focused 

on compounds containing group 13 metals, especially the aluminum-based intermetallic 

compounds.'^ The structures of Al-based intermetallics are quite different compared with 

those of other group 13 intermetallics. Boron forms a rich variety of boron hydrides and 

boranes containing various cluster units.^ The heavier elements of Ga, In, T1 also form 

polyatomic clusters when they are reduced by alkali or alkaline earth metals in binary and 

ternary intermetallic systems.^""^' The structural features of Al-based intermetallics usually 

do not include isolated clusters but rather involve extended structures.Some examples 

such as the NaZnn-type phases and quasicrystalline approximants also contain fused cluster 

units including high-symmetry cluster units of icosahedra, pentagonal dodecahedra and 

fullerene-type polyhedra.^^ Another interesting Al-based intermetallic compounds is the 

quasicrystalline phases. The quasicrystalline compounds present unusual S-fold symmetry in 

the diffraction pattern and the structure of quasicrystalline phases is still not well 

understood.^^'^' 

In this study, the alkaline earth elements (Ae = Mg-Ba), the late transition metal, Zn, 

and group 13 element, Al, were used to synthesize new compounds. To date, the ternary Ae-

Zn-Al system has not been thoroughly investigated: only three compounds (single crystal 

data), Mg32(Zn,AI)49", MgjZnuAl" and CaZnzAh^®, were reported to date. Therefore, these 

systems provide good starting points to search for new ternary compounds with the vec 

falling between 2 and 4. The systems investigated are illustrated as dashed lines I-V in the 

ternary phase diagram (see Figure 2). The composition of alkaline earth metal on each 

dashed line is fixed and reactions with different Zn/AI ratios were carried out to identify new 

ternary phases. For example, dashed line V represents the Mg2(ZnxA!).x)3 system. The Mg 
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Ae (Mg-Ba) 

yA^OO 
'<>/ \ — 
/ r 

"/ V 

"/ \ 
7 \" V. Mg2(Zn,Ali.,)3 

7 IV. Ae(Zn,Ali.,)2 

III. Aeo.325(Zn,All-x)o.675 

^ Xi^ll. Ae(Zn^l,.,)4 
/ CaZnjAlj"^ \ 

7^ W Ae(Zn,Ali.,)i3 
100.^- X 

Z n  0  1 0  2 0  1 0  4 0  9 0 M T O I O t 0  1 0 0  A l  

Figure 2. Ternary phase diagram of Ae-Zn-Al system. The gray area is the experimental 
phase width of the Mg32(ZnAl)49 (R-phase). 

content was fixed at 40 atom% and the Zn/AI ratio was varied from 0.0 to 1.0 ( 2.0 <vec< 

2.6 e/atom). 

Once die target system was chosen, the reaction was carried out by solid state 

methods using sealed Ta tubes as the reaction container. The reaction was heated under 

vacuum followed by a slow or fast cooling process. Detailed procedures are described in the 

following chapters. Products from each reaction were characterized by single crystal or 

powder X-ray and neutron diffractions, elemental analyses, and differential thermal analyses 

(DTA) to study their crystal structures, phase widths and compositions. For compounds that 

could be prepared in single phase, conductivity and magnetic susceptibility measurements 

were performed at low temperature S-10 K) and at room temperature (- 300 K). The 
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electronic structures of these compounds were studied by theoretical band structure 

calculations (Extended Hilckel Tight-Binding method)^'*^" to interpret the identified trends 

from experiments. 

Dissertation Organization 

During the course of this research, a broad spectrum of new compounds with diiTerenl 

structure types, such as the NaZnu-type, quasicrystalline approximants of the cubic R-phase 

type (Li/Mg/Zn/Al systems), BaAU-type, and a new derivative of the BavAlja-type structures, 

Bai4ZnsAl22. have been characterized. A brief summary of each chapter is described below; 

1) Synthesis and theoretical studies of BaZnioAh (vec = 2.16, Chapter 2): The structure 

contains interconnected icosahedral (Mu) units (NaZnu-type). Structural 

characterization and theoretical studies have been carried out to understand the 

factors for the formation of the fllled/unfllled cluster units. 

2) (Li,Mg)52(Zn,Al)io8 (2.0 < vec < 2.5, Chapter 3, 4): This project focused on the 

experimental and theoretical investigation of ternary and quaternary Li-Mg-Zn-Al R-

phase systems. Structure characterization, phase width and site-preference of the R-

phases were reported. 

3) AeZnxAU.* (Ae = Ca, Sr, Ba; x = 0.0-2.0; 3.0 ^ vec £ 3.5, Chapter 5): intermetallics 

with the BaAU-type structure were synthesized to study the structure and site 

preference for Zn and Al atoms as well as the effect of alkaline earth metals. 

4) Bai4ZnsAl22 (BaZno34(s>Al| S9(S); vec = 3.85, Chapter 6): Compounds with high vec 

value (close to 4.0) were investigated in the Ae(ZnxAI|.x)2 systems. The investigations 

revealed a new ternary intermetallic compound Bai4ZnsAl22 (vec = 3.85). 
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Chapter 2 to 6 are written in the form of journal papers and a general conclusion is given in 

chapter 7. 
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CHAPTER 2 

EXPERIMENTAL AND THEORETICAL STUDIES OF BAZn,oAl2, A 
NaZn,3-TYPE INTERMETALLIC COMPOUND 

A paper to be submitted to J. Solid Slate Chem. 
Chi-Shen Lee and Gordon J. Miller 

Abstract 

The new phase, BaZnioAb, was synthesized during reactions used to explore the Ba-Zn-

A1 system. (a=12.267(2) A, cubic, space group FmJc (No. 226), Z = 8). BaZnioAl: is a 

derivative of the NaZn^ structure type containing empty icosahedral units of [ZnioAh]. 

Magnetic susceptibility measurements of the title compound show diamagnetic behavior. 

Experimental and theoretical studies indicate that the formation of filled or unfilled clusters 

in the NaZn^-type structure is affected by the size of the cluster, vec of the AM12+X (A = 

alkaline earth element, M = late transition metal and Al; 0 < x < 1), and the transition metal 

in the center of an icosahedral unit. 

Communication 

Compounds adopting the NaZnn structure type exist for a variety of binary and 

ternary phases.' The binary compounds of AeZnu (Ae = Ca, Sr and Ba) have been 

discovered from powder X-ray diffraction studies, but no ternary phase, Ae(ZnxAli-x)i3 has 

been reported. The structure of NaZnn-type compounds contains a network of interconnected 

icosahedral units. Recent studies of ternary trielide (Al, Ga, in) systems indicate that this 

structure occurs in a narrow range of valence electron concentration (vec).**^ The 

experimental and theoretical study of the Ba(CuxAI|-x)i3 system suggests that the stable 
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phase in terms of optimized bonding is close to BaCu5 25Al7 75 (vec = 2.35). According to 

these results, a possible compound in Ba-Zn-Al systems would be close to BaZnioAb {vec = 

2.38).'' An attempt to prepare this hypothetical ternary phase yields a derivative of a NaZn^-

type compound, which contains, surprisingly, unfilled icosahedral units. In this paper, we 

report the sy-nthcsis and charactcrization of BaZnio.i3c5)Ali stvs, and address factors 

influencing the insertion of similar atoms into the center of the icosahedra. 

Three different compositions of Ba/Zn/Al mixtures (1:10:3, 1:8:5 and 1:5:8; vec = 

2.38, 2.54, and 2.77) were prepared to study the possible NaZnn-type phase in the 

Ba(ZnxAli-x)i3 system.' Guinier powder patterns indicate that the 1:5:8 and 1:8:5 products 

contained mixtures of BaZnj, BaAU, NaZn^-type phases and trace amounts of Al.^ Single 

crystals for structural characterization cannot be found in these products. On the other hand, 

the powder pattern of the 1:10:3 system indicated a nearly pure phase of NaZnu-type 

compound with a trace amount of Al. Single crystals were then selected for X-ray diffraction 

analysis and subsequent X-ray refinements revealed the formula of BaZnio i3(J)A1i 87(5).'' The 

pure phase, BaZnioAU, was subsequently synthesized from a stoichiometric mixture of the 

elements in a sealed tantalum tube at 800 "C followed by slow cooling and was confirmed by 

X-ray analyses (single crystal and powder).^ Four independent single crystals were collected 

from the BaZnioAh product, and the results show that the average formula is 

BaZnio4(3)Al| 6(3) (vec = 2.28-2.32 e/atom). Magnetic susceptibility was measured over the 

temperature range 6 ~ 300K and the data have been corrected by diamagnetic core correction 

of constituent atoms.^ The result indicates that BaZnio.I3(5)Ali 87(S) is diamagnetic and the 

average magnetic susceptibility above 50K is -1.65(3)xI0'^ emu/mole. 
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The important crystal data are listed in Table 1. A polyhedral representation of 

BaZnio i3(5)A1i 87(5) in a direction nearly parallel to the [100] direction is shown in Figure 1. 

Its structure features interconnected, unfilled, icosahedral clusters (Mi2) that can be grouped 

into two interpenetrating face centered cubic (fee) networks (gray and white clusters in 

Figure 1). Each Mi; cluster is surrounded by six adjacent M12 clusters along {100} 

directions, and the interstitial space is surrounded by a Stella quadrangular, as shown in 

Figure 2a. Each Ba atom is surrounded by M12 units along {III} directions to form a 24-

vertex snub cube coordination environment (Wyckoff site 8a; Figure 2b). Each unit cell 

contains eight formula units of BaZnioAb (Pearson symbol cF104). The composition of a 

Mi2 unit (Wyckoff site 96i) is close to the formula of [ZnioAh] (86%Zn/14%Al), and this 

particular unit was also found in the R-phase of the Mg2-y(ZnxAli-x)3+y system.® The center 

of the icosahedron (Wyckoff site Sb) is essentially empty. However, both partial and full data 

refinement generates a positive electron density (Apmu) at this position: the average value 

over four crystals is 2.8(9) e~/A^, and suggests that the central position may contain a small 

fraction of either Zn or A1 (or impurities such as 0). Therefore, the structure of 

BaZnio i](5)A1i 87(5) contains mostly unfilled icosahedra. 

Unfilled icosahedral cluster units are found in many group 13 intermetallics such as 

K34Zn2oIn8s', Nai7Zni2Ga40 5'°, and the R-phase compounds.* " '® On the other hand, filled 

icosahedral cluster units exist in NaZnu-type compounds, Mg2Znii'^ and various Hume-

Rothery phases.'^ BaZnioAl: is the only known example among NaZnu-type compounds 

with unfilled cluster units. Comparing the crystal data of BaZnioAb and other NaZn^-type 

compounds (see Table 2), the center of the M12 cluster prefers late transition metals (Co-



www.manaraa.com

13 

Zn)^ '* or Li.^ Furthermore, the size of the icosahedra is affected not only by atomic size but 

also by the vec. The radii of the Mi: clusters in BaZnio.i3(5)Ali 87(5) (r = 2.58(1) A, vec = 2.32) 

are similar to BaCujAlg (r = 2.571( 1) A, vec = 2.38), whereas, the radii of the M^ units from 

other Zn-rich compounds (r > 2.6 A) are larger than BaZnioAb due to the interstitial Zn or Li 

atoms. 

Extended-HOckel tight-binding (EHTB) calculations were carried out to formulate a 

reason for the electronic structure for the preference of filled or unfllled icosahedra. The 

relative stability of the NaZn^ structure type with filled and unfilled icosahedra units has 

been examined theoretically, and the results indicate that the optimal vec value of AMu {vec 

= 2.2, filled cluster) is lower than that of AMn (vec = 2.3, unfilled cluster).^ This result is 

consistent with the experiments on BaZni: 77'* {vec = 2.16) and BaZnioAh (vec = 2.33). 

In this study, the interaction between a transition metal and an Mn unit to form a 

filled M|3 cluster was studied by MO calculations using identical sizes of M12 and Mu 

fragments (point group Th)}^ The 3d parameters were included only for the central atom. The 

result, presented in an orbital interaction diagram of M12 (left), Mu (center), and M (right) is 

shown in Figure 3. According to Wade's rules, an isolated M12 cluster contains 26 electrons 

for cluster bonding (2n+2 e" for c/ojo-cluster) and 24 electrons for exo-bonding (like B-H 

bonding in C/0J0-B12H12). The MO diagram of M12 cluster shows a energy gap between MO 

#25(eg, E - -6.5 eV) and #26 (tu, E ~ -5.0 eV). Therefore, a possible highest occupied 

molecular orbital (HOMO) is 50 e"/Mi2 unit (left side of Figure 3). The orbital interaction 

between the d orbitals of the central atom and the e,, tg levels of the M)2 unit is weak (AE < 

0.01 eV). On the other hand, strong interactions between the M12 and the central atom were 
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observed from Og-Og and tu-tu levels (see Figure 3). A possible number of bonding orbitals for 

the M13 unit is 30 orbitals/formula ( 25 for s-, p- orbitals and 5 for d-orbitals from the central 

atom). The result indicates that M12 and Mu clusters contain the same the number of bonding 

27 
orbitals. A similar result has been pointed out in the study of KslnioZn system. The 

thcorctical results for these duster units arc consistent with Wade's rules. 

When the isolated cluster units are stacked to form the NaZn^ structure type, the 

possible number of bonding orbitals (or bonding electrons) per formula is changed due to the 

interactions between clusters. The effect of the inter-cluster distance d (d = R - 2r; R = 

distance between centers of two clusters, r = radius of icosahedral cluster) to the stability of 

NaZnu structure was evaluated by plotting the "magic electron number" for j[Mi2] and 

j [M13] as a function of intercluster distances. The "magic electron number" for M12 and Mn 

clusters is calculated from the number of orbitals below the HOMO of M12/M13 clusters 

(2xorbitals). The result is shown in Figure 4. The size of each icosahedral units was kept the 

same for each model (r = 2.60 A). When the intercluster distances decrease, the intercluster 

interactions raise the high-lying crystal orbitals near the HOMO of M12 (SOe/formula) or M13 

(60 e/formula) and decrease the "magic electron number". The lowest e/formula is 32 for 

j[Mi2] (d £ 0.92 A) and 42 for .'[Mu] (d < 0.31 A, including d electrons of the central 

atom). The dmm of j[Mi2] is longer than ^[Mu], a result that is consistent with the crystal 

data of BaZnioAb (d = 0.96 A) and BaZni2 75 (d = 0.88 A). The minimum magic electron 

number for each model is comparable to that observed in the NaZn^-type compounds such as 

BaZnioAb (28 e) and BaCusAlg (41 e). 



www.manaraa.com

The effect of atomic charge on the cluster size is determined by Madelung energy 

calculations.'^ This study assumes each position as a point charge and the effect of atomic 

size did not apply to each atom. The atomic charge on counter cations was fixed as +2 (Ba*^) 

and the charge for the central atom of Mi: unit was varied between -1.0 and 2.0. The charge 

on the M|2 unit was adjusted to balancc the chargc. For cach set of atomic chargcs, the radius 

of M|2 was varied from 0.9r to 1.4r (r = 2.60 A) and the Madelung calculations were 

performed to obtain the lowest Madelung energy. The radius of the most stable structure was 

plotted as a function of the central atom's charge (see Figure S). The result suggests that 

clusters with more positive charge at the central atom tend to have smaller radii. Therefore, 

the radius of a M12 unit (zero charge in the center) is larger than that of an Mu cluster with 

positive charge in the center. The EHTB calculations on j [Mi3] indicate that the central atom 

is more positively polarized than atoms on the cluster based on relative Mulliken population 

over the vec range between 2.0 and 3.0. The results from the crystal data of BaZnioAlj (r = 

2.58 A) and BaZni2 75 (r = 2.65 A) suggest that the chargc of the centeral atom in the 

BaZni27s is less than zero comparing with vacancy in the structure of BAZnioAh. The 

experiments suggest that the Mu unit in BaZnioAh is too small to acconmiodate a Zn atom 

(The van der Waals radius of the Zn atom is 1.37 A). 

Three-dimensional band calculations were performed to examine the relative stability 

of filled and unfilled units based on the hypothetical reaction: 

Mi2 + M M12M (M12 — Zni2^ , ZnioAl2^ , Cu4Alg^ ; M — Al, Cu, Zn) 

AE = E(MI2M') - E (M12 + M') 
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The atomic parameters were fixed for each calculation and the total energy of M*, M12, and 

MijM* are calculated in different valence electrons to simulate Znn' (26 e"), ZnioAlj*" (28 

e") etc. The results indicate that the stability of [M^M'J is affected by the electronic 

configuration of the central atom (see Table 3). The central atom is preferentially a late 

transition metal with fewer valence electrons than Zn or a main group metal with fewer 

valence electrons than Al. 

In summary, BaZnio i3(5)Ali 87(5) contains a Zn/AI network with unfilled icosahedra. 

Experimental and theoretical studies indicate that the formation of filled or unfilled clusters 

in the NaZnu structure type is affected by the size of the cluster, vec of the AMi2>x (A = 

alkaline earth element, M = late transition metal and Al; 0 < x < 1), and the type of element at 

the center of an icosahedral unit. 
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Tabic 1. Selected crystal data and conditions of data collection for BaZnio.i3(5)AI|.i7(S) 

Formula BaZntoAb 

Refined Composition BaZnto.i3(5)Ali.i7(5) 

Formula Weight 871.98 

Space Group, Z FwJc(No. 226), 8 

<i(A)*, V(A') A = 12.267(2), V= 1846.0(5) 

Dck (g/om') 3.156 

Radiation, k (A) Mo Ka, 0.71073 

Abs Coeff (mm"') 15.026 

Temperature, K 298(2) 

Crystal Size, mm 0.075 X 0.1 xO.l 

Rim 0.0466 

R1/WR2 (I>2o,)'' 0.0168/0.0486 

R1/WR2 (All Data), GOF 0.0178/0.0509,1.049 

Extinction Coefficient 0.00018(9) 

* Cell parameters were calculated from powder X-ray data. 

' R l  =  S I f . l - l f y i i a  w R 2  =  - F / ) ' ] / 2 [ » ( f / ) ' ] | " ,  

w=\/[s'F,' +(0.04A')'],/' = (f; +2F/)/3 
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Tabic 2. Radius of icosahedron (A) in various NaZnu-type compounds 

Compounds vec Radius(A) Composition Ref. 

BaLi7Al6 2.08 2.732(2) [LivAU], filled 2 

BaZni2.77(i) 2.17 2.6451(9) [Zni:], [Znu], mixture 18 

BaZnio 6(4)AI| 6(4)^ 2.33 2.58(1) [Znio6(4)Ali 6(4)], unfilled This work 

BaCusAU 2.38 2.571(1) [CujAlg], filled 3 

^ The composition is obtained from average results of four crystal data. 

Table 3. Summary of band calculations 

MI2^' + M MI3^' AE, eV 

1) CU4Al8^- + Cu CujAU^" -2.62 

2) CU4Al8'- + A1 CU4Al9^- 0.57 

3) ZnioAlj* + Zn ZniiAl2^ 1.76 

4) ZnioAlj' + Al ZnioAl}^ 0.62 

5) 
... •>. 
Zni2' + Zn Zni3^ 0.40 
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Figure 1. The crystal structure of BaZnio.i3(s>Aii.i7(S)- Large filled circles are Ba 
atoms. Gray and white ieosahedral units representing two fee network. 
Note: The gray and white ieosahedral units are only used to identify two 
fee networlu. These two ieosahedral units (gray and white) are symmetry 
equivalent. 
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96i (Zn/Al) 

96i (Zn/Al) 

8a (Ba) 

Figure 2. ORTEP drawing (99.9 % thermal ellipsoids) of (a) Two adjacent Ml 2 unit 
(Stella quadrangula) (b) Snub cube containing Ba (center) and twenty-four 
vertexes polyhedron. 
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Figure 3. Extended-HUckel MO calculations of M12 and M13 fragments (Th) and 
isolated M atom. The correlation orbitals between the central atom and the 
M 12 unit are labeled. 
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Figure 4. The "magic electron count" for [M12] and [M13] as a function of 
intercluster distance d. 
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Figure 5. The radius of the most stable [M13] structure as a function of the 
charge for central atom. 
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Supplementary Material 

Appendix 1. Crystal Data and Conditions of Data Collection for BaZnioAb 

Compound BaZnioAl; 

Refined Composition BaZnio.i3(5)AIi.i7(5) 

Formula weight 871.98 

Radiation 0.71073 A 

Space group, Z Fm3c(No. 226), 8 

unit cell params* a = 12.267(2) A, V = 1846.0(5) A  ̂

d«uc (g/cm') 3.156 

Radiation (A) Mo Ka, 0.71073 

Abs CoeflF(Mm'') 15.026 

Abs.Corr. v|/-Scan 

Tmini Tmax 0.510,0.964 

Temperature, C 25(2) 

Crystal Size, mm 0.075 X 0.1 xO.l 

Diffractometer, Collection Method Siemens P4, la-Scan 

2eM«n 54.8" 

Mnini Hmtx -19,19 

-13,13 

^min« ̂ max -11,11 

Reflections Collected, Rjm 3927,0.0466 

Unique Data / Parameters Refmed 106,10 

Rl/Wr2 (l>2oi)® 0.0168/0.0486 

Rl/Wr2 (All Data) 0.0178/0.0509 

Goodness-Of-Fit On F^ 1.049 

Extinction Coefficient 0.00018(9) 

(Ap) Max, Min (E.A'̂ ) 1.807,-0.593 

* Cell parameters were calculated from powder x-ray data.* 

w = +(0.04/»)'],/» = (F; +2F/)/3 
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Appendix 2. Summary of single crystal refmement 

No. Reactions Refined Comp. a (A) R/ wR/GOF(aII data) Apniiw (e/A^)^ 
1 BaZnioAh BaZnio.i3(5)Ali.g7(5) 12.267(2) 0.0214/0.0560/1.049 1.81 

2 BaZnioAb BaZnio i6{7)Al|.g4(7) 12.2300(10) 0.0257/0.0809/1.082 2.24 

3 BaZnioAh BaZnio.68(7)Al|.32(7) 12.2483(11) 0.0232/0.0582/1.052 3.76 

4 BaZnioAlj BaZnio6*n>Ali jip) 12.2425(15) 0.0388/0.0907/1.064 3.20 

; Electron density at 8b(0,0,0) position. 

Appendix 3. Atomic Coordinates ( x 10^) and Equivalent Isotropic Displacement 
parameters (A^x 10^) for BaZnioAh (Crystal No !.)• U«, is defmed as one third of the trace 
of the orthogonalized Utj tensor. 

Atom Site X y z Uco Site occ. 

Ba(l) 8a 2500 2500 2500 15(1) 1.0 

Zn(2) 96i 1177(1) 1756(1) 0 18(1) 0.844(4) 

Al(2) 96i 1177(1) 1756(1) 0 18(1) 0.156(4) 

Appendix 4. Anisotropic displacement parameters (A'x 10^). 

Atom Un U22 U3? U23 Un U,2 

Bad) 15(1) 15(1) 15(1) 0 0 0 

Zn(2) 19(1) 17(1) 17(1) 0 0 3(1) 

Al(2) 19(1) 17(1) 17(1) 0 0 3(1) 

U,j= -2Tr- [ h' a*^U,, + + 2 h k a* b* Ui: ] 
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Appendix 5. Interatomic distances (A) in BaZnioAh. 

contacts distances, A 
8a-96i (24x) 3.5809(5) 

8b-96i(12x) NA 

96i-96i(intraicosahedral contacts) 

(4x) 2.6833(8) 

(l'<) 2.8812(15) 

96i-96i(intericosahedral contacts) 

(2x) 2.6286(11) 

(2x) 2.7330(15) 

Appendix 6. Atomic orbital energy parameters for extended HUckel calculations 

ATOM Orbital H, (eV) Cl  C2 

Cu 4s -11.4 2.2 

4p -6.06 2.2 

3d -14.0 5.95 0.5933 2.3 0.5744 

Zn' 4s -12.41 2.01 

4p •6.53 1.7 

3d -14.493 6.3 0.6148 2.25 0.646 

A1 3s 1.37 -12.3 

3p 1.36 -6.5 

M(Zn,oAl2)'' 4s -12.36 1.77 

4p -6.52 1.61 

M(CU4Al8)'' 3s -11.85 1.49 

3p -6.28 1.69 

* The d orbital parameters were obtained from the extrapolation of the last four transition 
metals (Fe, Co, Ni, Cu). 

** The Hii values were obtained from the average of (Cu/Zn) and A1 based on their relative 
composition in Mi 2 unit. The ̂ 1 parameters were obtained from the curve fits of the 
equation: x î(Cu/Zn) + (l-x)̂ i(Al) = exp(-̂ Mxr); r = 2.0-4.0 A. 
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Appendix 7. Analysis of Guinier powder X-ray diffraction film of BaZnioAh. Input 
reflections were corrected by interpolation of Si lines 

Parameters 

a(A) 12.267(2) 

Volume (A^) 1846.0(5) 

Radiation, \ (A) Cu Kai, 1.54056 

The error of fit is 4.146 

Refl# h k 1 J I sin^xlOOO d calc. 26 calc. 20 corr. diff 

1 2 2 2 8 213.4 47.39 3.5412 25.15 25.1 0.05 

2 4 2 0 24 867.8 78.98 2.743 32.64 32.64 0.01 

3 4 2 2 24 546.2 94.78 2.504 35.86 35.79 0.07 

4 5 3 1 48 1000.0 138.22 2.0735 43.65 43.69 -0.04 

5 6 0 0 6 91.0 142.17 2.0445 44.3 44.29 0.01 

6 6 2 0 24 129.9 157.97 1.9396 46.84 46.82 0.01 

7 4 4 4 8 115.1 189.56 1.7706 51.62 51.62 0.01 

8 6 4 0 24 242.6 205.36 1.7012 53.89 53.87 0.02 

9 6 4 48 73.6 221.15 1.6393 56.1 56.1 0.01 

10 8 0 0 6 73.3 252.75 1.5334 60.36 60.34 0.03 

11 8 2 0 24 108.6 268.54 1.4876 62.42 62.41 0.02 

12 6 6 0 12 42.0 284.34 1.4457 64.45 64.41 0.04 

13 6 6 2 24 26.4 300.14 1.4071 66.44 66.39 0.04 

14 7 5 3 48 149.6 327.78 1.3465 69.85 69.88 -0.03 

15 9 3 1 48 128.7 359.38 1.2859 73.67 73.71 -0.04 

16 8 4 4 24 110.3 379.12 1.252 76.01 76.1 -0.09 
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Appendix 7. Molar magnetic susceptibility data for BaZnioAl^. 
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CHAPTER 3 

WHERE ARE THE ELEMENTS IN COMPLEX ALUMINIDES? 
AN EXPERIMENTAL AND THEORETICAL INVESTIGATION OF THE 

QUASICRYSTALLINE APPROXIMANTS, Mg2-y(Zn,Al,_x)3.y 

A paper published in the J. Am. Chem. Soc. 2000, J22,4937-4947 
Chi-Shen Lee and Gordon J. Miller 

Abstract 

The first detailed investigation of the crystalline R-phases in the Mg-Zn-AI ternary 

system is reported, which will assist with the interpretation and understanding of similar 

quasicrystalline phases in this phase diagram. Although "Mg32(Zn,Al)49" was originally 

reported by Bergman and Pauling in 1956, some details regarding its structure and the atomic 

arrangement remain to be solved. Single phase product can be obtained from reaction 

compositions "Mgi 63(ZnxAli-x)3 37," 0.35 ^ x < 0.65. A combination of single crystal X-ray 

diffraction, powder neutron diffraction, energy dispersive spectroscopy, densities, and 

theoretical modeling are needed to elucidate a complete structural model for these phase. 

Single crystal X-ray diffaction gave the R-phase structure (space group ImJ, Z = 32) for 

three difference samples: Mgi 76(i)Zni 46(6)Ali 65(3)(a = 14.364(3) A), Mgi.75(i)Zni go(2)Ali.3i(i) 

(a = 14.212(1) A), Mgi 73(i)Zn2 46(6)Alo 69(3) (a = 14.131(1) A). Neutron powder diffraction on 

three similar bulk samples gave: Mgi.76(i)Zni 34(5)AIi.76(5) (a = 14.2697(1) A), 

Mgi,75(i)Zni.76(5)Ali 34(6)(fl = 14.1804(1) A), Mgi 73(i)Zn2 06(3)Ali,o9(3)(a = 14.11247(6) A). For 

all phases in this Mg-Zn-Al system, one crystallographic site (M4) has ca. 33% vacancies, 

and shows a mixture of Mg and Zn atoms. Mg atoms occur next to vacancies on these sites. 

Theoretical calculations are used to explain the observed phase width involving Zn and Al, 
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the trend in observed site occupancies, and the occurrence of vacancies in this structure. A 

range of nonbonding states near the Fermi level account for the phase width, and allow a 

range in valence electron concentration between 2.07 and 2.48 for the existence of this 

structure. Valence electron concentrations in Mg-Zn-Al, however, necessitate the occupation 

of some metal-metal antibonding orbitaJs, which creates a driving force for vacancies. Since 

Mg can replace atoms in the (Zn,Al) framework, the R-phases are true intermediates between 

Zintl phases, on the one hand, and Hume-Rothery intermetallic phases, on the other. 

Introduction 

Intermetallic compounds provide a rich source of different structure types and special 

physical properties (electronic, magnetic, thermal, and mechanical) for both potential 

applications as new functional materials (e.g., as pennanent magnets or thermoelectric 

materials) as well as studying the fundamental relationships among composition, structure, 

[-9 
and properties. An important component of many intermetallics is aluminum due to its 

light atomic weight and conductivity properties, and it also deserves exceptional chemical 

interest. In the periodic table of elements, aluminum borders the transition from metallic to 

nonmetallic elements in the third period, while, among the Group 13 elements, it is the most 

electropositive.In fact, the ground state structure of each Group 13 element differs from 

each of the others; the structure adopted by a given element is governed by the amount of 

11.12 
valence s, p orbital mixmg. 

Aluminum combines with few other main group metals, viz. Li, Mg, Ca, Sr and Ba, 

to forni intermetallic compounds whose structures and properties follow simple valence rules. 
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13.14 
LiAl is a classic Zintl phase, with A1 forming the diamond network. Other examples, like 

CaAl:,'^ '" CaAu'^ and BaTAIn,"'* show electronic structures similar to Zintl phases: there is 

a distinct minimum in the total electronic densities of states (DOS) at the Fermi level, which 

is indicative of weakly conducting behavior. Orbitals at and below the Fermi level have 

4.19 
bonding and nonbonding characteristics; those above the Fermi level are antibonding. 

These intermetallics are usually brittle, diamagnetic, and weakly conducting.^'On the 

other hand, with Group II or 12 elements, aluminum forms Hume-Rothery phases, which are 

typically soft metals with close packed structures.^' For Hume-Rothery phases, chemical 

bonding properties are not readily discerned irom the generally featureless DOS curves, but 

instead require details of the energy band structure in reciprocal space.^^ The structures 

within these two classes of intermetallic compounds follow simple electron counting schemes 

based upon the average number of valence electrons per atom, called the valence electron 

concentration (v^c): (I) Hume-Rothery phases occur for total vec less than or equal to two 

electrons per atom; (2) Zintl phases are valence compounds in which the vec of the 

electronegative component exceeds four electrons per atom. A gap in our understanding of 

the relationships among vec, structure and properties exists between these two classes of 

intermetallic compounds. 

As part of a research program to elucidate structural, electronic and chemical bonding 

properties in complex aluminides and other intermetallics, our group is systematically 

investigating "hybrid" materials, A^TyAlz, that involve components of both the Zintl-type and 

Hume-Rothery-type phases (A = alkaline earth or rare earth element; T = late transition 

element).^^ Experimental and theoretical results on A-Cu-AI, A-Au-AI, and A-Zn-AI 
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systems indicate that compositions and structures lead to filled bonding and nonbonding 

orbitals of the [TyAlJ framework, just as in ZintI phases, but with no energy gap in the total 

23 
DOS. The vec's of these aluminide substructures vary between two and four electrons per 

atom, and allow a systematic study of the transition from Hume-Rothery to Zintl-type 

inlermelallic compounds. Among the alkaline earth elements, magnesium represents a 

significant decrease in size and increase in electronegativity from calcium, strontium or 

barium.Consequently, Mg can contribute to the network of strong orbital interactions and 

become more involved in the [TyAlz] fireworks of ternary aluminides than its heavier 

analogues. This paper reports on a specific collection of substances in the Mg-Zn-AI system. 

The title compounds were identified during a systematic investigation of the Mg-Zn-

A1 system with the reaction composition of Mg2(ZnxAl|.x)3, 0 x < 3. Over thirty years ago, 

Bergman and Pauling reported the crystal structure of Mg32(Zn,Al)49. which is currently used 

as a model to discuss the atomic structure of quasicrystalline phases in the Mg-Zn-Al 

26J7 
system. Accordingly, this phase belongs to a collection of crystalline mtermetallic phases 

called "quasicrystalline approximants," and the structure of Mg32(Zn,Al)49 is labeled the R-

phase. " Thermodynamic investigations of the Mg-Zn-Al phase diagram indicate that tlie 

R-phase exists for a range of compositions close to Mg2(ZnxAI 1.1)3 and Mg(ZnxAl|.02 (0.3 < 

30 
x < 0.6S), but no structural characterizations exist. The quasicrystalline phases of this 

system have been prepared at compositions close to Mg32(ZnxAli.x)49 using a rapid-quench 

31-34 
method. However, a systematic study of the relationship among composition, crystal 

structure, chemical bonding and physical properties of the crystalline phases has not been 

reported. 
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In this paper, we report the synthesis and detailed characterization of a series of 

crystalline R-phases in the Mg-Zn-Al system. The major goals of this work are: (1) to 

determine the phase-width of the R-phase structure and to establish its relationship to the 

total vec of the substance; (2) to elucidate unequivocally the distribution of the elements in 

this structure, which is frequently cited to model quasicrystalline phases; (3) to evaluate the 

chemical bonding characteristics of these phases to establish a link between electronic 

structure and composition; and (4) to characterize the physical properties of these crystalline 

phases. The difllculty to difTerentiate Mg and A1 in X-ray diffraction experiments 

necessitates neutron diffraction as an alternative method to assist in solving the site 

preference problem in these structures. However, since the elastic scattering factors for Mg 

and Zn are close to one another, a thorough structural chemical analysis of this system 

requires information from both techniques. 

Experimental 

Synthesis 

All materials were handled in an Ar-filled glovebox (O2 concentration < 10 ppm) and 

prepared from the elements. Starting materials were Mg tumings (Johnson-Matthey, 99.9 

%), Zn powder (Alfa, 99.9%), A1 ingots (Alfa, 99.9999%), and Al foil. Reactions were 

carried out in sealed Ta ampoules (Alfa, 99.99%; washed with 15% HF/ 35% HN03/50% 

H2SO4 solution and dried), that were either sealed in fused silica tubes or placed in a fused 

silica Schlenk tube under reduced pressure. Reactant mixtures were heated to 1123 K for 24 

hours to insure complete melting, followed by either quenching to room temperature, or 

annealing at 768 K for four weeks. The title compounds were initially identified by X-ray 
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powder diffraction patterns on products from target compositions of Mg2(ZnxAIi.x)3 (x = 0, 

0.33, 0.67, 1.0; vec = 2.0-2.6^^). The binary systems (x = 0 and 1) showed mixtures of 

known elemental and binary phases, while the powder patterns of the x = 0.33 and 0.67 

samples matched the theoretical pattern of Mg32(Zn,Al)49 with slightly different 20 values to 

suggest a possible phase width for Mg32(Zn,Al)49- Crystals were selected from these two 

products for single crystal X-ray diffraction and led us to investigate the phase width of the 

system Mg2-y(ZnxAli-x)3+y in detail, based on the formula Mgi 625(ZnxAli-x)3,375 (= 

Mg52(ZnxAli.x)io8)-

Eight reactions with difTerent Zn;Al stoichiometric ratios in Mgi 62s(ZnxAl|.x)3 37s 

were carried out and these results are summarized in Table 1. For each sample, the weighing 

error for each element is less than 0.5% by mass. The phases were identified by Guinier X-

ray powder diffraction using an Enraf-Nonius Guinier camera with Cu Kai radiation (X = 

1.54056 A) and Si (NBS) as an internal standard. The products of every reaction were 

silvery, brittle ingots that were neither air nor moisture sensitive, but decomposed readily in 

dilute acid (1.00 M HCl). According to X-ray photoelectron spectroscopy (XPS), AI2O3 and 

ZnO covered the surface of each product. 

Table 1 

Since X-ray diffraction data and elemental analyses (discussed in the following 

paragraphs) could not provide a definitive picture of the Mg content and placement in the R-

phases, three different compositions of Mgi 62s(ZnxAl|-x)3.37s samples (x = 0.63, O.SO and 

0.37) were prepared for neutron powder diffraction experiments. The previous reaction 

conditions were used, except that the final annealing procedure was changed to 768 K for 2 
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days. High, middle and low Zn:Al molar ratios were chosen based on reactions that could be 

prepared in nearly single phase. 

Structural Characterization by X-ray DifTraction 

Needle-shaped crystals for single crystal X-ray diffraction experiments were selected 

from crushed products, mounted on glass fibers, and checked by means of rotation 

photographs and data collections on a Siemens P4 or a Rigaku AFC6R diflfractometer using 

monochromatic Mo Ka radiation. On these instruments, the intensities for every crystal were 

very weak for angles 20 > 40° (I/a < 10) and the ratios of unique reflections to independent 

parameters were low because the higher angle data were missed. These data are important 

because they are more sensitive to the chemical composition of a single crystal. 

To improve the quality of the high angle intensity data, a Bruker CCD-1000 

diffractometer with monochromatic Mo Ka radiation, X=0.71073 A, and a detector to crystal 

distance of S.08 cm was used for subsequent structural analyses at 298(2) K. For each 

crystal, data were collected in at least a quarter hemisphere, and were harvested by collecting 

three sets of frames with 0.3° scans in w for an exposure time of 30-60 sec per fiame. The 

ranges in 26 values varied between 3.0° and values from 56.0° to 108.0°. The data were 

corrected for Lorentz and polarization effects. Absorption corrections were based on fitting a 

function to the empirical transmission surface as sampled by multiple equivalent 

measurements. 

The unit cell parameters were indexed by peaks obtained from 90 fhunes of reciprocal 

space images and then refined using all observed diflraction peaks after data integration. 

36 
Systematic absences and Wilson plots revealed a centrosymmetnc, body-centered cubic 
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crystal system with the Laue group ml.  Therefore, the space group I  ml  was chosen for 

subsequent structural analysis. 

Structures of the R-phases were obtained by direct methods and refined by full-matrix 

37-39 
least-squares refinement of F' using the SHELXTL 5.12 package. At least two 

individual single crystal data sets were collected for each reaction to check the vanation of 

the refined composition. Results of all single crystal studies are available from the author. 

Table 2 summarizes the crystallographic data of three samples (1,2 and 3) for which Guinier 

X-ray powder diffraction indicated that the R-phase is the only product. These samples 

represent the two extremes in Zn:Al ratios plus one intermediate composition. Table 3 gives 

atomic coordinates, site occupancies and isotropic displacement parameters; Table 4 lists 

relevant intemuclear distances. 

Tables 2, 3,4 

Elemental Analysis 

Energy dispersive spectroscopy (EDS) was performed on the same samples used for 

single crystal X-ray diffraction experiments, and on corresponding bulk samples using a 

Hitachi S-2460N scanning electron microscope. Internal standards of elemental Mg, Zn and 

Al were included to determine the composition of each sample. At least 4 different points on 

each sample were measured to obtain the average chemical composition and standard 

deviations. Results for three different single crystal and three different bulk samples are 

listed in Table S. 

Table 5 
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Neutron Powder DifTraction 

Micrometer-sized powder (less than 100 mesh) of "Mgi bjjZni 25AI2125" (4), 

"Mgi 625Zni 688AI1688" (5) and "Mgi 625Zn2,i25Ali 25" (6) were prepared for neutron diffraction 

studies as described above. The purity of each sample was checked by Guinier X-ray powder 

difiraction. Each sample was placcd in a vanadium container and mounted on the general-

purpose powder diffractometer (GPPD) at the Intense Pulsed Neutron Source (IPNS), 

40.41 
Argonne National Laboratory. Time-of-flight neutron diffraction data were collected at 

10(2) K and 26 = ±148.88°. The data were analyzed by Rietveld refinement with the GSAS 

42-44 
software system. The lowest d-spacing for all data was set at 0.8 A. 

The starting structural model of each sample came from the corresponding single 

crystal X-ray diffraction study. Refined structural parameters included overall scale factors, 

lattice parameters, fractional coordinates, anisotropic thermal displacement parameters (only 

applied on Mg sites) and site occupancies. Absorption parameters and an extinction 

coefficient were also refined. Backgrounds were fit using a six-parameter analytical 

45 
function, and peak shapes were fit using exponential pseudo-Voigt functions. 

Contributions to the total pattern from impurity phases were also included in the refinement. 

The experimental and Rietveld refined profiles of these data are shown in Figure 1. Final 

compositions for each sample were ultimately set from a combination of elemental analyses, 

X-ray diffraction, and neutron diffraction refinements. Summaries of the crystallographic 

data and refinement, atomic positions, site occupancies and isotropic displacement 

parameters, and interatomic distances for each sample are listed in Tables 6, 7 and 8. The 
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refined compositions from neutron diffraction for each bulk product are also included in 

Table 5. 

Figure 1 and Tables 6, 7, 8 

After the structure of the main phase was determined, refmements including 

impurities from the starting elements and possible binary phases were included. In addition 

to the three elements, an AuCuj-type phase is present. The product of the 

"Mgi 625Zn2,i2sAli 25*' reaction contains trace amounts of Al, while the other two samples 

contain trace amounts of Mg, Zn, Al and an AuCuj-type compound. The AuCuj-type 

compound was indexed based on six unidentified peaks (two independent + four overlapped 

peaks) and the composition was set at "MgZn." 

Physical properties measurements 

Density: Densities of single-phase products used for neutron diffraction and EDS 

investigations were measured pycnometrically in triplicate using ICQ mesh powders and He 

as the displacement fluid on a multipycnometer (Quanta Chrome Corp.). The results are 

tabulated with the crystallographic data from powder neutron diffraction in Table 6. 

DifTerential Thermal Analysis: Several powdered samples were used to perform 

differential thermal analysis (DTA) on a Perkin-EImer DTA 7 running Pyris soihvare version 

3. The sample holder was purged with Ar for at least 30 minutes to remove oxygen and 

hydrogen before each measurement. Preliminary experiments indicated that all samples 

decomposed when the temperature is raised above 1023 K because elemental Zn vaporizes. 

Each powder sample (ca. 30 mg) was heated from 473 to 973 K at a rate of 5 K/min, and then 
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cooled at the same rate to 473 K under Ar atmosphere. Guinier powder X-ray diflraction was 

performed before and after the DTA experiment on each sample. Table 1 lists some DTA 

results for each sample. 

Magnetic Susceptibility Measurements: Temperature-dependent magnetic 

susceptibility measurements were conducted using a Quantum Design SQUID magnetometer 

operated at 3 Tesia over the temperature range 6-300 K. Data were collected for the samples 

"Mgi.625Zni.375Al2oo/' "Mgi easZtti bsgAli 688*' and "Mgi,525Zn2.i25Al|.25." All three samples 

showed temperature independent susceptibilities over the range SO-2SO K. After corrections 

46 
for the diamagnetic contributions of the constituent atomic cores and the sample holder, all 

samples show Pauli paramagnetic behavior with average susceptibilities of 3.4(3) x 10~\ 

1.5(2) X 10"\ and 3.0(2) x 10'^ emu/mole, respectively. 

Electrical Resistivity Measurements: A standard four-probe technique was used to 

measure the temperature dependent resistivity for the "Mgi 625Zni 68gAli 688" sample from 1.8 

to 300 K in fields of both 0 T and S.S T. The irregular shape of the polycrystalline sample 

was first polished to form a metal plate and then cut into a rectangular bar by using a wire 

saw. The dimensions of the sample was 1x1x3 mm\ Electrical contact was made to the 

sample using Epo-tek H20E silver epoxy, with typical contact resistances of 1-2 Q. The 

resistivity at 298(2) K is 62.47(1) fi^^ cm aiid decreases nearly linearly toward low 

temperatures, which is consistent with typical metallic behavior. At S.S T, the shape of the 

resistivity vs. temperature curve did not change, but the resistivity measured at each 
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temperature is 0.2-0.3 higher than the zero field value (e.g., 62.67(6) nfl cm at 298(2) 

K). 

Electronic Structure Calculations 

The electronic structures of various models of R-phases were calculated using the 

47-50 
LCAO (tight-binding) approximation with the Extended HUckel theory (EHT). Mg 

atomic orbital parameters were used for the three A sites (A1-A3) and Al atomic orbital 

parameters were used for the four M sites (M1-M4). Calculations using both Al and Zn 

atomic orbital parameters were also performed, but the results were essentially the same as 

for calculations with just Al parameters. A primitive cell of 80 atoms (26 A + 54 M) was 

used for calculations of total and partial densities of states (DOS), crystal orbital overlap 

51.52 
population curves (COOP), Mulliken populations, and Fermi energies. A special points 

set of 60 k points in the irreducible wedge of the first Brillouin zone was chosen to perform 

the integrations.^^ Atomic orbital parameters are as follows (all single-^ STO functions). 

Mg: H„(3j) = -9.00 eV, Hi,(3p) = -4.50 eV, (;(3s) = C,Op) = 0.95. Al: Hi,(3j) = -12.3 eV, 

H„(3p) = -6.5 eV, ^(3^) = ^3^) = 1.167. 

Results and Discussion 

In the following discussion, we summarize the experimental and theoretical results 

relevant to an understanding of how Mg, Zn, and Al distribute themselves in the cubic R-

phase structure. Although there are other examples adopting this structure type in the 

literature,^^'^'^^ these results comprise the first thorough investigation of a ternary system 

that shows a phase width for this structure. Furthermore, to elucidate the distribution of 
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elements in this structure, not only were detailed structural assessments necessary, but 

thorough elemental analyses of single crystal and bulk samples were crucial to reach the 

conclusions. The final model, which we present in the next section, relies on using a 

combination of diffraction methods, density measurements, and elemental analyses. 

Structure Determination 

Structure: The body-centered cubic, R-phase structure adopted by several examples 

in the Mg-Zn-AI system involves seven crystallographic sites (A1-A3, M1-M4; these labels 

are selected to reflect the results of evaluating the atomic site distributions) that form three 

shells of polyhedra containing 12, 32 and 60 vertices surrounding the center and comers of 

the cubic unit cell with additional A atoms filling voids as the 60-vertex polyhedra condense 

to form the three-dimensional structure. A perspective view of this structure along the [100] 

direction is shown in Figure 2. This structure is one of three types adopted by Group 13 

intermetallic compounds with large polyhedra as building units: (1) the cubic (R-phase) 

26 54 55 56 
Structure, e.g. Mg2-y(Zn,Al)3+y, LijCuAls, Lii3Cu6Ga2i, Nai3Cd2oE7 (E = Pb, Sn), 

57 58 S9 
K^qTljog; (2) the hexagonal (stuffed boron) structure, e.g., K34Zn2olng5, Nai7Zni2Ga40 5; 

3,60 
and (3) condensed fullerene-like cage structures, e.g., LiMgAh, Na96ln97Z2 (Z=Ni, Pd, 

61 62 
Pt), and Na-i72la.i97Z2 (Z=Ni, Pd). Derivative structures of these three types also exist, 

but may be considered superstructures, as for example, Z-Als9Cu5Li26Mgio, which is related 

to the R-phase.^^ Although each structure type is different, the atomic networks contain 

common polyhedral building blocks such as icosahedra and truncated tetrahedra (Friauf 
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64 
polyhedra). In the following discussion, the distances reported are for Mg-Zn-Al systems 

in our study. 

Figure 2 

The first shell of atoms is an icosahedron of twelve M2 atoms with a radius of 2.53(1) 

A and M2-M2 distances between 2.63 and 2.68 A. No atomic density is detected at the 

center of the cluster (WyckofT site 2a) according to both X-ray and neutron diffraction 

experiments, which disagrees with the original report for Mg32(Zn,Al)49 by Pauling and 

26,27 
Bergman, who assigned this site to be 80% A1 (Note; while finishing this manuscript, an 

abstract of a report of a X-ray diffraction study of crystalline Mg32(Zn,Al)49 indicated the 

65 
same result as ours, and a similar conclusion was also achieved for a Na-Mg-Zn-Al R-

66 
phase ). 

The second shell of atoms contains a large icosahedron of twelve Ml sites, and a 

pentagonal dodecahedron of eight A2 sites and twelve A3 atoms, which together form a 32-

vertex triacontahedron. Each Ml atom is connected to a vertex of the irmer M2 icosahedron 

at distances between 2.S3 and 2.S6 A (the radius of the Ml icosahedron is 5.06(2) A). Each 

of the twenty A2 and A3 atoms caps a triangular face of the inner M2 icosahedron (the radius 

of the pentagonal dodecahedron is 5.61(3) A). The average A-Ml and A-M2 distances are, 

respectively, 3.20(2) and 3.02(1) A. 

The third shell of atoms contains 48 M3 sites and twelve M4 sites to fomi a 

buckminsterfullerene-type polyhedron (truncated icosahedron) with an average radius of 

6.88(5) A. Every atom on the third shell is shared with the third shell of an adjacent unit: M3 
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atoms are shared along the {111} directions and M4 sites are shared along the {100} 

directions. 

Figure 3 

67 
The M1-M4 sites form a large M84 cluster called a Samson polyhedron. The A1 

sites occupy all "tetrahedral holes" created by the body-centered condensed packing of these 

Samson polyhedra, shown in Figure 3. The local environment is a 13-vertex Friauf-type 

polyhedron around each A1 atom. Finally, with respect to the seven crystallographic sites in 

the R-phase structure, the general formula can be written as: 

{[(M2),2( M l ),2(A2)G(A3),2][(M3)48/2(M4),2/2]}(Al)24/4 = A26M54 = A, 625MJ375 

Site Occupancies: In the Mg-Zn-Al system, it is difficult to distinguish Mg and A1 

unequivocally using the results of electron density distributions from X-ray diflhiction data. 

68 
On the other hand, the coherent scattering lengths for Mg (5.375 fin), A1 (3.449 fm) and Zn 

(5.680 fm) allow excellent differentiation of Mg and Al, but now a problem to resolve Mg 

from Zn emerges. Nevertheless, the metallic radii of Mg, Al and Zn for coordination number 

12 are, respectively, 1.60 A, 1.43 A and 1.37 A, which are sufficiently different to allow 

atomic assignments based on: (1) inter-atomic distances; and (2) coordination environments 

of each site. The final structural model fit)m both single crystal X-ray and powder neutron 

diflraction, which takes these distance criteria into account, divides the seven atomic sites 

into three distinct sets: (1) three sites occupied solely by Mg atoms (Al, A2 and A3), (2) 

three mixed-occupied sites involving Zn and Al (Ml, M2, and M3), and (3) one site (labeled 
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M4) that could involve any assortment of Zn, Al, Mg and vacancies. In the Bergman and 

Pauling model, the M4 site is exclusively assigned to Mg atoms. 

Atomic site occupancies were first refmed on each independent crystallographic site. 

The Mg sites (Al, A2 and A3) remained essentially unchanged (variations were less than 

2° o) and were fixed at 100% Mg for all subsequent single cr>'stal and powder refinements. 

The compositions of the other metal sites (M1-M4) were then refined using constrained 

fractional occupancies of Zn and Al. To determine the final "composition" (i.e., average 

electron density or elastic scattering length) on each M1-M4 site, three different initial Zn:Al 

ratios (0:100, 50:50 and 100:0) were assigned on each individual site to refine. For each 

sample, these refinements for each Zn/Al site gave the same final composition and the 

thermal displacement parameters for all atomic sites could be refined antsotropically. 

Figure 4 

Figure 4 illustrates the results of refinements of the M1-M4 sites in two plots: (1) 

from single crystal X-ray diffraction, the average electron density for each site vs. lattice 

constant; and (2) from powder neutron diflraction, the average elastic scattering factor for 

each site vs. lattice constant. The occupation of the M2 site remains essentially constant and 

Zn rich for all examples. Since the inter-atomic M2-M2 and M2-M1 distances are 

appropriate just for Zn or Al, we assign M2 as a mixture of Al and Zn, which refines to 

83(3)% Zn for all compositions. The average formula of the M2 icosahedron, therefore, is 

69 
close to [ZnioAh] (83.3% Zn), which is similar to a NaZn^-type compound, BaZnioAlj. 

These two independent results suggest that the [ZnioAlj] icosahedron is a stable building unit 

in these intermetallic phases. The MI and M3 sites increase in Zn content as the lattice 
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constant decreases. According to the distance criteria, therefore, these two sites are also 

assigned as mixtures of Zn and Al, which change composition by identical relations with 

total composition of the sample (Ml varies from 19.5(4)% to 72.0(6)% Zn; M3 varies from 

19.7(4)% and 73.2(5)% Zn). The composition of the M4 site is nearly insensitive for all 

samples except at low lattice constants, but neither X-ray nor neutron diflhiction results lead 

to a single conclusion. Nevertheless, the combination of these experimental results strongly 

suggests that Mg and Zn atoms occupy this site. Other than the M4-M4 distances (2.6-2.7 

A), all other contacts to the M4 site exceed 2.90 A. Therefore, if a Mg atom occupies one 

M4 site, we hypothesize that the adjacent M4 site must be vacant. To reach a defmite 

conclusion, we need to incorporate results from additional elemental analyses. 

Elemental Analysis 

The results of EDS analyses performed on three different single crystal samples (used 

for single crystal X-ray diffraction) and three bulk samples (used for powder neutron 

diffraction) are summarized in Table 5. In every case except one bulk sample, the Mg 

content exceeds 32.5 atomic percent (52 Mg atoms on the AI-A3 sites out of 160 total sites 

in the unit cell). Furthermore, the Mg content never reaches 40.0 atomic percent (64 Mg 

atoms on the A1-A3 and M4 sites), but monotonically increases as the Al content increases. 

In addition to the analytical results, the experimental densities for the three bulk samples are 

also listed in Table 5, and are consistent with the analytical results. 

To reach conclusions for the final compositions at the M4 sites in these R-phase 

structures, we carried out seven different refinement strategies of the X-ray and neutron 

diffraction data to achieve the best overall agreement with the elemental analysis and density. 
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These models involved refming the M4 site for occupation by (1) Mg only; (2) Zn only; (3) 

A1 only; (4) a mixture of Mg and Zn; (5) a mixture of Mg and Al; (6) a mixture of Zn and Al; 

and (7) a mixture of Mg, Al and Zn. The model that provided the best overall agreement 

with all data for all samples was (4), refming a mixture of Mg and Zn at the M4 site. The 

total occupancies for each sample refme to ca. 67%, so that 33% of the M4 sites remain 

vacant. These results of the "analysis" from refinements of single crystal X-ray diffraction 

and powder neutron diffraction experiments are also listed in Table 5 to compare with EDS 

measurements. Furthermore, the various site occupancies from this model are included in 

Table 3 (X-ray diffraction) and Table 7 (neutron diffraction), and plotted with respect to vec 

in Figure 5. These refinements show that the M4 site is approximately 33% Zn, 33% Mg, 

and 33% vacancies. Since the M4 site has 12 positions in the unit cell, there are four 

vacancies (on average) per unit cell. Among the eight remaining sites, we hypothesize four 

Mg adjacent to vacancies and four Zn atoms forming two Zn-Zn pairs. In the section on 

theoretical calculations, we describe a model to account for this pattern of site occupancies 

and the presence of vacancies. 

Figure 5 

Phase Width Investigations 

Table 1 summarizes the results of powder and single crystal studies as well as DTA 

measurement on Mg2-y(ZnxAl|-x)3.fy samples for y = 0.33 and 0.40, 0 ^ x ^ I. According to 

X-ray powder diffraction patterns, the R-phase was observed for x between 0.19 (vec = 2.55) 

and 0.74 (vec = 2.18). Mixtures of an R-phase and other binary or elemental phases were 

observed for x < 0.41 (vec > 2.40) and x > 0.63 (vec < 2.25) reactions. Also, no binary phase 
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adopting the R-phase structure was found. For 0.41 < x < 0.63 (2.25 < vec < 2.40), nearly 

single phase products were identified. DTA experiments on "Mgi ejsZni 375AI2 0," which is 

the single phase sample with the highest A1 content, revealed a congruently melting sample, 

with endothermic and exothermic events observed, respectively, at 780.1 K (heating) and 

768.7 K (cooling). X-ray powder diffraction patterns from this sample, taken before and after 

the DTA measurements, showed no decomposition of the sample. 

Physical properties 

The "Mgi 625Zni 588A1i 688" polycrystalline sample shows metallic behavior 

(dp/dT > 0) throughout the temperature range 1.8 to 300 K, and its room temperature 

resistivity of 62.5 ^^^-cm is higher than resistivities reported for each of the component 

70 
elements, Mg (4.45 cm), Zn (5.9 ^^i•cm) and Al (2.65 nfi cm). Furthermore, this 

resistivity value is close to reports of room temperature resistivities of the quasicrystalline 

phases, /-Mg32(Zn*Al|.K)49 (x = 0.50 and 0.69), which are, respectively, 59(5) and 90(10) 

^Q•cm.^' In addition, magnetic susceptibility measurements at 3 T for "Mgi bjsZni 375AI2 00," 

"Mgi 625Zni 688AI1 688" and "Mgi 625Zn2125AI125" demonstrate Pauli paramagnetic behavior, 

which is also consistent with metallic character. 

Theoretical Calculations 

Figure 6 illustrates the DOS and COOP curves for the R-phase structure using the 

atomic orbital parameters associated with the model MgsjAliog (As2Mio8)- The Fermi energy 

(EF) calculated to give the optimized total bonding within the MI-M4 network (as given by 

the total overlap population for all M-M interactions) is indicated by the dashed line. 
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Figure 6 

The DOS curve shows no band gap within the vec range between 2.07 and 2.25 

e'/atom (-7.8 eV < Ep < -6.1 eV), although this region has significantly lower DOS values 

than the surrounding energy regions, which is consistent with the resistivity measurements on 

the Mg-Zn-Al phases. According to the COOP curve, this part of the DOS is nearly 

nonbonding for the total M-M interaction (the total overlap population varies by less 0.6% 

throughout the range). The peak between -8 and -10 eV comes mostly from A1 3p orbitals, 

while below this peak, the DOS curve is featureless and approximates a nearly free electron 

distribution of electronic states. 

The total overlap population of the j[M,o,] network is maximized at vec = 2.18 

e~/atom. The overlap populations of individual M-M contacts, however, indicate optimal 

bonding interactions at different vec values for each contact, which agrees with the 

computational results on Nai3Cd2oPb7 (these calculations were performed without atomic 

orbitals at the Na (A) positions).^' The M2-M2 contacts in the first shell and the M1-M4 

contacts between the second and third shells are optimized at vec = 2.14 e~/atom. Other 

inter-shell contacts, viz. M1-M2 and MI-M3, are optimized, respectively, at vec = 2.36 and 

2.20 e7atom. Within the third shell, the largest overlap populations for M3-M3, M3-M4 

and M4-M4 interactions and are observed at vec = 2.29, 2.25 and 2.50 e~/atom, respectively. 

Therefore, to optimize various M-M interactions in the R-phases, values of the vec should 

range between 2.14 and 2.50 e~/atom. These results are in good agreement to the observed 

range of vec values in the single crystal study (vec = 2.17-2.41 e7atom). Like the total 
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overlap population for all M-M interactions in this structure, each M-M contact shows 

essentially nonbonding character between -6.1 and -7.8 eV. These results suggest that the 

vec can be varied without significantly changing the bond strength of the M-M contacts by 

adjusting the molar ratio of Zn to Al, and, therefore, producing an observable phase width 

(i.e., variable x) in Mg2_y(ZnxAli-*)3+y. 

Figure 7 

This distinctive, nonbonding region (2.07 < vec < 2.25) in the DOS, however, is 

nonzero. Decompositions of the total DOS into contributions from each of the M1-M4 sites 

are illustrated in Figure 7. From these results, we can now understand the trends between site 

preference and x in Mg2-y(ZnxAI|-,)3+y that are shown in Figure 5. These DOS curves 

indicate that: 

(1) The Mulliken populations (MP's) of the Ml and M3 sites are sensitive to vec 

across this nonbonding range (the variations of MP's are 10% for Ml and 11% for M4). 

Therefore, the chemical compositions of these two sites will change when the vec is altered. 

(2) The M2 and M4 sites essentially do not contribute to the electronic states in this 

nonbonding region of the DOS. The MP's at these two sites, therefore, remain constant for 

changes in vec (the MP's for M2 and M4 increase by 4% and 2% across the range). 

Therefore, as the vec of the Mg-Zn-AI R-phase is varied by changing the Zn:AI molar ratio, 

the chemical composition of the M2 and M4 sites should remain nearly fixed in this vec 

region. When vec exceeds 2.2S e~/atom, the M2 and M4 sites contribute orbitals to the total 

DOS, and the chemical compositions at these sites will begin to change. The values of the 
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MP's for the M2 (2.4-2.5) and M4 (2.3-2.4) sites also agree with the difTntction results: the 

M2 site attracts more Zn (the most electronegative element) than the M4 site. 

The best model that accounts for our diHraction and analytical data places four 

vacancies per unit cell at the M4 site. Our theoretical calculations have shown that M-M 

bonding in ll»e Aj2Mio8 model is optimized at vec = 2.18 c7atom, which is closc to the 

"magic number" of electrons for this structure predicted by King (340 e7unit cell or vec = 

2.125 e7atom). ' Increasing the vec by increasing the A1 content will push the Fermi level 

up to some M-M antibonding orbitals once the vec exceeds ca. 2.25 e7atom, according to a 

rigid band model applied to the DOS and COOP curves in Figure 6. To alleviate such 

antibonding interactions, extended solids can either undergo a structural distortion (e.g., the 

puckering of the honeycomb network in a-As ^), or create vacancies in the network. In the 

R-phase structure, therefore, a model with vacancies incorporated into the network becomes 

favored. Figure 8 illustrates the trend in total valence electron energy per atom with changes 

in the average number of valence electrons per atom for various vacancy models at the M4 

site in the R-phase structiu'e, i.e., Mgs2(AlwDi-w)i2Al96. When vec exceeds ca. 2.28 e7alom, 

structural models with vacancies in the M4 position become preferred. According to our 

simple model, there is a narrow range of stability (2.28 < vec < 2.33) for four vacancies per 

unit ceil. For larger vec values, six vacancies per unit cell are favored. The seven structural 

models we examined are summarized in Table 9, which also describes how the vacancies are 

distributed in each model; since the M4 position involves six M4-M4 pairs, vacancies can 

either occur together (•-•) or isolated (M-D). 

Figure 8 and Table 9 



www.manaraa.com

53 

This argument is similar to accounting for vacancies in the network of tetrahedral 

semiconductors using the Grimm-Sommerfeld valence rule or for "missing" cluster atoms in 

72 
carborane deltahedra using Wade's rules. For tetrahedral frameworks, the average valence 

electron count per site is four; if there are vacancies in the structure, the valence electron 

count per atom (i.e., vec) is greater than four, in carborane chemistry, a c/o^o-deltahedron 

with n cluster atoms needs n+l pairs of skeletal electrons. The n/c/o-cluster based upon the 

same deitahedron needs the same number of skeletal electron pairs, but has one less atom. 

Therefore, vec increases from closo- to nido- (and to arachno-) deltahedra. 

R-Phase Mg-Zn-Al: Where Are The Atoms? 

All data from X-ray and neutron diffraction as well as EDS and density measurements 

lead to the general formulation for the Mg-Zn-AI R-phases as 

Mg52((MguZnvnj]i2(ZnwAli.w)96 in which the occupancy of the 12-fold M4 site is 

emphasized. According to this formulation, the valence electron count per site is 2.4S + 

0.15(u + v) - 0.6w; u + v = total fraction of M4 sites occupied and w = fraction of Zn on the 

remaining 96 MI-MB sites. The range in vec observed for Mg-Zn-Al phases exceeds the 

values appropriate for complete occupation of all crystallographic sites, and thus leads to the 

creation of vacancies, in this ternary system, the AI content must be less than ca. 20 atomic 

% to eliminate vacancies (w > 0.67 with u + v = 1), but these synthetic targets, e.g., 

"Mgj2(MguZnv)i2(Zno9oAlo io)96 = Mgi 623+o jTSuZnz 70+0 375vAlojo," will compete against the 

formation of MgZn2. Nevertheless, the report of quasicrystalline phases in the Mg-Zn-Al 

systems obtained by splat quenching melted mixtures of these elements suggest that 

quasicrystalline structures may arise when such vacancies are eliminated. 
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Figure 9 

Figure 9a shows a fragment of the crystalline R-phase containing three shells of Ml-

M4 sites and two shells of the A sites (A1-A3 sites) projected along a pseudo fivefold axis, 

[S, 1, 0], of the cluster. The point group of this fragment is Th based on the space group of 

1ml, which is the highest point symmetry allowed for an icosahedron in a crystalline 

structure. Figure 9b illustrates the same type of fragment, but with h point symmetry. In this 

model, each shell of atoms corresponds to a single atom type (M3 and M4 become symmetry 

equivalent; A1-A3 become symmetry equivalent). When superimposed, the two images 

show the most pronounced difference in the buckminsterfullerene-type (outermost) cage. In 

the cubic R-phase structures, the M3 and M4 sites are not only crystallographically 

inequivalent, but also contain different elemental compositions, which included vacancies at 

the M4 position. These sites prevent the formation of fivefold symmetry that can lead to the 

formation of a quasicrystalline phase, and suggests that the M4 sites may play a crucial role 

in the formation of quasicrystalline phases in the Mg-Zn-AI system. 

Conclusions 

This study reports the first detailed and systematic experimental and theoretical 

investigation of the crystalline R-phases in the Mg-Zn-AI system, which have been used to 

model quasicrystalline materials in the same ternary system. Elemental analyses coupled 

with X-ray and neutron diffraction experiments were necessary to elucidate the structural 

chemistry at the various sites in the R-phase structure. Theoretical calculations provided 

models to interpret some exceptional features of these materials: (1) nonbonding character of 
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the M-M contacts exists over a range of vcc, which can account for the observed phase 

width; (2) two M sites (Ml and M3) are responsible for the phase width, while the other two 

M sites (M2 and M4) are essentially fixed in chemical composition (or in vec)\ (3) the M4 

site allows occupation by vacancies, Zn and Mg atoms; and (4) vacancies arise in the 

structure because the vec exceeds the value that optimizes M-M bonding. Since llie vacancy 

concentration is linked to both vec and the observation of quasicrystalline phases, we 

continue to investigate the chemistry and properties of these materials. 
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Figure 1. The observed (+) and refined powder neutron diffraction profiles (solid 
line) of samples (a) 4; (b) S; and (c) 6 from Rietveld refinements. The 
refmed compositions for each sample are labeled on each plot and the 
Bragg peaks (R-phase and impurities) are noted by tick marks below each 
profile. A difference curve (raw data minus calculated data) is shown at 
the bottom and a background correction has been applied to each curve. 
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Figure 1. Continued 



www.manaraa.com

63 

Mgi.76(l)Zni,34(5)Ali 76(5) (6) 

Rw, Rwp (%) = 4.62,6.18 

iiiHUiMiii inn nn n I 

b4*>i — • y -

.8 1.0 

D-spacing. A 

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 

(C) 

Figure 1. Continued 



www.manaraa.com

64 

Figure 2. The crystal structure (ATOMS S.O) of the R-phase structure for 
Mg2-y(ZnxAI|.x)3^y projected in perspective along [100]. The Mg 
atoms (Al, A2, A3) are drawn as blue circles; the Ml, M3 and 
M4 atoms are drawn as small circles with different gray scales; 
the M2 atoms are drawn as red circles. Yellow, red and black 
lines indicate M-M contacts with distances less than 3.10 A. A20 
pentagonal dodecahedra are represented in blue. 
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Figure 3. The AI crystallographic site in the R-phase structure. The 
outer shell of the Samson polyhedron and the 13-vertex 
coordination environment for the AI site are emphasized. 
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for three samples, 1, 2 and 3; (Bottom) Reflned elastic 
scattering lengths vs. lattice constants for the M1-M4 sites 
from powder neutron diffraction experiments for three 
samples, 4,5 and 6. 
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Figure 6. a) Total density of states (solid line) and partial DOS curves (PDOS) of 
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curve for all Al-AI contacts less than 3.10 A. The dashed line indicates 
the Fermi level for vec = 2.18, the value at which the total Al-Al overlap 
population is optimized. 
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Figure 7. PDOS curves for the Ml, M2, M3 and M4 sites from the results of 
EHT calculations. The dashed lines indicate the minimum and 
maximum Fernii energies (2.07 < vec ^ 2.25) for which the M-M 
contacts show essentially nonbonding interactions. 
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(a) R-phase fragment (b) Ideal fragment 

Point Group Th Point group In 

Figure 9. (a) A fragment of the R-phase structure (point group Th) showing 
three shells of M sites and two shells of A sites projected down a 

pseudo 5-fold axis [ V3 ,1, OJ. (b) The same fragment as in (a) 
with the point group of //, (the average interatomic distances were 
obtained from the R-phase structure). 
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Table 1. Summary of reaction compositions and products identified by Guinier X-ray 
powder diffraction and single crystal X-ray diffraction for various Mg:Zn:Al reactions. 

l.Guinier Powder X-ray 
Reactions x Identified Phase' mp. (K)** 

l.Mg2(Zn,Al,.x)3 
Mg2Al3 0.00 Mg2Al3 +A1 722.2 
MgzZniAl 0.33 R-phase + Zn 790.5 
Mg2ZnAl2 0.67 R-phase + A! 780.8 
Mg2Zn3 1.00 MgZn2 + Al(tr) NA 

2. Mgi 63(ZnxAli-x)3.37 
Mgl.63Al3,37 0.00 Mgi7Ali2 + unknown phase 723.8 
Mg1.63Zno.64Al2.73 0.19 R-Phase + Mgi7Ali2 722.6 
Mg1.63Zn1.25Al2.i2 0.37 R-phase + Al(tr) NA 
Mgi 63Zni 42AI19$ 0.42 R-Phase 780.1 
Mgi 63Zn1.72Al1.65 0.51 R-Phase 763.2 
Mgi 63Zn216AI1.21 0.64 R-Phase 765.5 
Mgi 63Zn2 76Alo 6l 0.82 MgZn2 + Zn + R-phase 794.3 
Mgi 63Zn3 37 1.00 MgZn2 + Zn 834.9 

11. Single Crystal Data 
Reaction X Crystal data R1/WR2. % 

3. Mg2(ZnxAli.x)3 
Mg2ZniAl2 0.33 Mgi.76(l)Zni 46(3)A1i.63(3) (3) 6.64/3.03 

a = 14.364(3) A 
Mg2Zn2AIi 0.67 Mgi 73(l)Zn2.46(6)AIo.69(3) (1) 4.17/3.11 

14.131(1) A 

4. Mgi,63(ZnxAli-*)3.37 

Mgl.63zno.64A12 .73  

Mgi 63Zni42Ali.95 

Mgi 63Zni 72AIi,65 

Mg|.63Zn2,i6Al|.2I 

0.19 Mgi.76(l)Zni,u(2^1l.97(2) 

a = 14.412(1) A 

0.42 Mgi.76(i)Zn 1.76(1 All.36(1) 
a = 14.297(1) A 

0.51 MGI.75(I)ZNI.JI4(2AII.3I(I) (2) 
14.212(3) A 

0.64 Mgi.7g(|)Zn2.29(4>Alo.81(4) 

a = 14.138(1) A 

2.11/4/01 

2.42/3.19 

2.27/3.40 

2.34/3.72 

* All products identified by Guinier Powder X-ray diffi^ction. 
** Only melting point of major phase is presented. 
'^tr= trace amounts 
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Tabk 2. CiysUllographic data for three samples of "Mg2-y(ZniAI|-x)3+ y" from single crystal X-ray diffraction. 

Reactions 

Refined Composition 

Mg2Zn2AI| MgiA4Zn1.6tAI1.6s Mg2ZniAl2 Reactions 

Refined Composition Mgi.73(|)Zn2.4«(6>Alo.M(3) (1) Mgi.7S(i)Znij4(2>Ali.3i(i) (2) Mgi.76(l)Zni.46(3)Al|.63(3) (3) 

Space group, Z /mJ.32 /ml. 32 IrnJ. 32 

Color of crystal Silver silver silver 

Temperature, K 298(2) 298(2) 163(2) 

Formula wt (g/mol) 7.08(6) X 10' 6.35(3) X 10' 5.82(5) X 10' 

fl(A)' 14.131(1) 14.212(3) 14.364(3) 

2822.0(4) 2871(1) 2963(1) 

dc.ic(g/cm^) 4.17(4) 3.67(2) 3.26(3) 

Abs coeff (mm') 16.69 11.58 9.419 

F(000) 3327.0 2950.4 2765 

0--H0««(°) 2.03,28.93 2.03,28.30 2.01,28.23 

Reflections collected 9324 5450 6350 

Unique Data (I ^ 2o(I)) 777 681 675 

Radiation (A) 0.71073 0.71073 0.71073 

Refinement Method Full-matrix least-squares on F 2 

Ri, wR2 (all daU)" 0.0417,0.0311 0.0227, 0.0340 0.0664,0.0303 

Goodness-of-fh on F^ 0.986 1.012 0.924 

Largest hole and peaks, e/A^ 0.699 and-0.555 0.353 and-0.580 0.621 and-0.554 

'From Guinier powder patterns (room temperature). 
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Table 3. Atomic positional coordinates, isotropic displacement parameters (A^) and site 
occupancies for "Mg2-y(ZnxAli-x)3+y " 

Atom Site X y z Ueo" Site occ 

Mgl 73(1 tZn2 46(6vAl( J 69(3) (1) 
A1 12e 0.1991(1) 0 1/2 0.17(1) Mg 1.000(1) 
A2 16f 0.1862(1) 0.1862(1) 0.1862(1) 0.16(1) Mg 1.000(1) 
A3 24g 0 0.3005(1) 0.1167(1) 0.16(1) Mg 1.000(1) 
Ml 24g 0 0.1795(1) 0.3074(1) 0.14(1) A1 0.280(6) 

Zn 0.720(6) 
M2 24g 0 0.929(1) 0.1514(1) 0.12(1) A1 0.106(6) 

Zn 0.894(6) 
M3 48h 0.1577(1) 0.1904(1) 0.4037(1) 0.15(1) A1 0.268(5) 

Zn 0.732(5) 
M4 12e 0.4032(1) 0 1/2 0.15(1) Mg 0.27(2) 

Zn 0.40(1) 

Mgi 75(l)Zni 84(2vA1i 31(1) (2) 
A1 12e 0.1970(1) 1/2 0 0.016(1) Mg 1.000(1) 
A2 16f 0.1860(1) 0.1860(1) 0.1860(1) 0.015(1) Mg 1.000(1) 
A3 24g 0.1163(1) 0.3007(1) 0 0.015(1) Mg 1.000(1) 
Ml 24g 0.3063(1) 0.1788(1) 0 0.013(1) A1 0.521(2) 

Zn 0.479(2) 
M2 24g 0.1508(1) 0.926(1) 0 0.011(1) A1 0.136(3) 

Zn 0.864(3) 
M3 48h 0.3088(1) 0.3422(1) 0.968(1) 0.014(1) A1 0.542(2) 

Zn 0.458(2) 
M4 12e 0.4021(1) 1/2 0 0.015(1) Mg 0.34(2) 

Zn 0.28(1) 

Mgi.76(i)Zni 146<3)A1 1,63(3) (3) 
At 12e 0.1963(2) 0 1/2 0.010(1) Mg 1.000(1) 
A2 16f 0.1860(1) 0.1860(1) 0.1860(1) 0.010(1) Mg 1.000(1) 
A3 24g 0 0.3009(1) 0.1161(1) 0.011(1) Mg 1.000(1) 
Ml 24g 0 0.1782(1) 0.3061(1) 0.010(1) A1 0.672(5) 

Zn 0.328(5) 
M2 24g 0 0.924(1) 0.1506(1) 0.009(1) Al 0.159(5) 

Zn 0.841(5) 
M3 48h 0.1578(1) 0.1915(1) 0.4034(1) 0.010(1) Al 0.682(4) 

Zn 0.318(4) 
M4 12e 0.4019(2) 0 1/2 0.010(1) Mg 0.35(2) 

Zn 0.27(1) 

* Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table 4. Selected interatomic distances (A) for Mgi 73(1 )Zn2 46(6>Alo69(3) (!)» 
Mgi.75(i)Zni 84(2)A1i 31(1) (2) and Mgi,76(i>Zni 46(3)A1i 63(3) (3). 

(1) (2) (3) 

A1 A3 (2x) 3.059(1) 3.0754(9) 3.077(2) 
Ml (4x) 3.225(1) 3.2918(7) 3.311(2) 
M3 (4x) 3.050(1) 3.0927(7) 3.101(1) 
M3 (4x) 3.0797(5) 3.1162(4) 3.1227(7) 
M4 2.891(2) 2.933(2) 2.948(3) 
M4 (2x) 3.137(2) 3.147(1) 3.145(2) 

A2 A2 3.133(3) 3.170(2) 3.178(4) 
A3 (3x) 3.248(1) 3.2806(6) 3.289(1) 
Ml (3x) 3.1491(5) 3.1698(4) 3.1750(6) 
M2 (3x) 2.991(1) 3.0196(9) 3.027(2) 
M3 (3x) 3.0935(8) 3.1150(6) 3.121(1) 
M3 (3x) 3.1089(9) 3.1339(6) 3.143(1) 

A3 A3 3.306(3) 3.328(2) 3.329(3) 
Ml 3.0351(8) 3.0517(6) 3.049(1) 
Ml (2x) 3.200(1) 3.228(1) 3.241(2) 
M2 2.981(1) 3.0170(9) 3.027(1) 
M2 (2x) 2.988(1) 3.0194(7) 3.028(2) 
M3 (2x) 3.111(1) 3.1376(8) 3.142(2) 
M3 (2x) 3.1235(8) 3.1597(5) 3.170(1) 
M4 (2x) 3.550(1) 3.5857(9) 3.590(2) 

Ml M2 2.5286(7) 2.5418(5) 2.545(1) 
M3 (2x) 2.6225(5) 2.6551(4) 2.664(1) 
M3 (2x) 2.6793(6) 2.7170(5) 2.728(1) 
M4 2.9693(8) 3.0027(6) 3.007(1) 

M2 M2 2.6330(9) 2.6487(6) 2.649(1) 
M2 (4x) 2.6491(6) 2.6651(4) 2.666(1) 

M3 M3 2.7284(7) 2.7679(6) 2.6995(7) 
M3 (2x) 2.6767(4) 2.6928(4) 2.768(1) 
M4 2.9348(7) 2.9648(6) 2.970(1) 

M4 M4 2.743(3) 2.801(2) 2.811(4) 



www.manaraa.com

Tabic 5. Summary of chemical compositions for single crystal and bulk materials from X-ray, neutron, and EDS experiments. 

Sinelc Crvstal 

No. Mg Zn AI d(g/cm^) vec Remarks 

(1) X-Ray 0.354(1) 0.504(1) 0.142(3) 4.17(4)' 2.14 2.2 X 10'^ mm^ 

EDS 0.350(6) 0.487(2) 0.163(3) 2.16 

(2) X-Ray 0.359(1) 0.378(2) 0.268(1) 3.67(2)' 2.28 4.4 X 10"' mm^ 

EDS 0.346(5) 0.384(2) 0.270(3) 2.27 

(3) X-Ray 0.360(1) 0.299(3) 0.334(3) 3.26(3)' 2.32 1.3 X 10'^ mm^ 

EDS 0.397(5) 0.287(2) 0.316(3) 2.32 

Bulk Product 

Mg Zn AI d(g/cm^) vec Remarks 

(4) neutron 0.35(2) 0.43(1) 0.22(1) 3.90(6)*' 2.22 powder (< 100 mesh) 

EDS 0.32(1) 0.48(1) 0.20(1) 4.10(3)^ 2.20 

(5) neutron 0.36(1) 0.36(1) 0.28(1) 3.62(9)" 2.28 powder (< 100 mesh) 

EDS 0.34(1) 0.40(2) 0.26(2) 3.75(4)' 2.26 

(6) neutron 0.36(1) 0.28(1) 0.36(1) 3.25(6)" 2.36 powder (< 100 mesh) 

EDS 0.36(1) 0.30(2) 0.34(2) 3.4(1)' 2.34 

* Calculated density from single crystal X-ray data. 

''Calculated density from neutron diflhiction data. 

' Pycnometer measurcnients. 
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Tabic 4. Crystallographic Data for "Mgi^s (ZnKAI|-x)3.37" from neutron powder diffraction. 

Reactions 

Refined Composition 

Mgij63Zn2.i6AI|ji MgiA3Zn1.72Al1.65 Mg1.63Znij1AI2.i6 Reactions 

Refined Composition Mg|.73(i)Zln2i)6(3>AI|.09(3) (4) Mgi.75<l)Zni.7«(j)Ali.34(6) (5) Mgi.76(i)Zni.34(5)Ali.76(5) (6) 

Space group, Z /ffiJ, 32 /m J, 32 ImJ. 32 

Color gray powder gray powder gray powder 

Tempenture, K 10(2) 10(2) 10(2) 

Fonnula wt (g/mol) 6.6(1) X 10^ 6.2(2) X 10' 5.7(1) X 10' 

A(A) 14.11247(6) 14.1804(1) 14.2697(1) 

K(A') 2810.66(2) 2851.48(5) 2905.66(4) 

dc.k(g/cm^) 3.90(6) 3.62(9) 3.25(6) 

de,p(g/cm^) 4.10(3) 3.75(4) 3.4(1) 

Scattering angle 145.88° 145.88° 145.88° 

d-spacing range, A 0.8-2.8 0.8-2.8 0.8-2.8 

No. data points 4335 4335 4335 

No. Biagg reflections 610 687 689 

No. parameteis 53 56 56 

4.28,5.89 3.95,5.36 4.62,6.18 

Goodness of fit (x)^ 1.43 1.53 1.71 

• "p=Z|V. - V</S|V.|:'[if*!*' - v')']/l[»'(v')']]"' • *»•»' V c are observed and calculated counts. 

" X = [£rw(Y„^-Y/M/(N^-N^) .Nob, is the number of observations and Nw is the number of parameters. 
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Table 7. Atomic positions, Ueq(x 100 A^)* and site occupancies for refined structures of 
Mgi 73(i)Zn2,o6(3)Ali.o9(3) (4), Mgi.75(i)Zni 76(5)A1i 34(6) (5) and Mgi.76(i)Zni,34(5)AIi 76(5) (6) froni 
neutron powder diflraction. 

atom Site x y. ? ysg Site occ. 

Mgl.73(l)Zn2.06(3)All 09(3) (4) 
A1 12e 0.2022(3) 1/2 0 0.94(8) Mg 1.00(1) 
A2 16f 0.1861(2) 0.1861(2) 0.1861(2) 0.93(8) Mg 1.00(1) 
A3 24g 0.1190(2) 0.3011(2) 0 0.75(5) Mg 1.00(1) 
Ml 24g 0.3100(2) 0.1772(2) 0 0.76(5) A1 0.48(1) 

Zn 0.52(1) 
M2 24g 0.1527(2) 0.0941(3) 0 0.77(5) A1 0.25(1) 

Zn 0.75(1) 
M3 48h 0.3137(2) 0.3411(2) 0.0962(2) 0.79(4) A1 0.36(1) 

Zn 0.64(1) 
M4 12e 0.4075(4) 1/2 0 0.7(1) Mg 0.27(2) 

Zn 0.40(1) 
Mgl 75(l)Zni 76(5)All.34(6) (5) 
A1 12e 0.1970(5) 1/2 0 1.0(1) Mg 1.00(2) 
A2 16f 0.1866(2) 0.1866(2) 0.1866(2) 1.0(1) Mg 1.00(2) 
A3 24g 0.1191(3) 0.2999(3) 0 1.08(8) Mg 1.00(1) 
Ml 24g 0.3090(4) 0.1769(3) 0 0.62(9) A1 0.53(2) 

Zn 0.47(2) 
M2 24g 0.1516(3) 0.0933(4) 0 0.69(9) Al 0.14(2) 

Zn 0.86(2) 
M3 48h 0.3132(3) 0.3396(3) 0.0971(3) 0.73(7) Al 0.56(2) 

Zn 0.44(2) 
M4 12e 0.4076(7) 1/2 0 0.7(2) Mg 0.34(2) 

Zn 0.28(1) 
Mg| 76(1 )Zni.34(3vAli 76(5) (6) 
At I2e 0.1944(7) 1/2 0 1.0(1) Mg 1.00(1) 
A2 16f 0.1852(2) 0.1852(2) 0.1852(2) 1.0(1) Mg 1.00(1) 
A3 24g 0.1177(4) 0.2994(4) 0 1.14(7) Mg 1.00(1) 
Ml 24g 0.3084(4) 0.1805(4) 0 0.82(8) Al 0.70(2) 

Zn 0.30(2) 
M2 24g 0.1515(3) 0.0924(4) 0 0.74(8) Al 0.27(2) 

Zn 0.73(2) 
M3 48h 0.3103(3) 0.3415(4) 0.0972(4) 0.82(6) Al 0.69(1) 

Zn 0.31(1) 
M4 12e 0.4045(8) 1/2 0 0.8(2) Mg 0.35(2) 

Zn 0.27(1) 

= (1/3)11" 
I J 
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Table 8. Bond lengths (A) for Mgt 73{i)Zn2 06(3)Ali 09(3) (4), Mgi.75(i)Zni.76(5)Ali,34(6) (5) and 
Mgi 76(i)Zni 34(5)A1| 76(5) (6) with estimated standard deviations in parentheses. 

(4) (S) (6) 

A1 A3 (2x) 3.039(3) 3.046(4) 3.073(4) 
Ml (4x) 3.179(4) 3.245(6) 3.259(6) 
M3 (4x) 3.060(4) 3.128(6) 3.124(6) 
M3 (4x) 3,021(3) 3.031(4) 3.084(4) 
M4 2.898(7) 2.99(1) 3.00(1) 
M4 (2x) 3.136(5) 3.086(8) 3.103(7) 

A2 A2 3.114(7) 3.12(1) 3.198(9) 
A3 (3x) 3.232(2) 3.240(3) 3.254(3) 
Ml (3x) 3.158(2) 3.168(3) 3.179(3) 
M2 (3x) 2.972(3) 2.999(5) 2.999(4) 
M3 (3x) 3.102(3) 3.089(5) 3.116(5) 
M3 (3x) 3.092(3) 3.089(5) 3.123(5) 

A3 A3 3.361(6) 3.38(1) 3.350(9) 
Ml 3.212(4) 3.209(7) 3.228(7) 
Ml (2x) 3.016(3) 3.027(5) 3.058(4) 
M2 2.964(4) 2.965(6) 2.995(6) 
M2 (2x) 2.994(4) 3.003(5) 3.006(4) 
M3 (2x) 3.117(4) 3.129(6) 3.145(6) 
M3 (2x) 3.052(2) 3.082(4) 3.133(4) 
M4 (2x) 3.522(3) 3.552(5) 3.577(5) 

Ml M2 2.508(5) 2.527(8) 2.571(7) 
M3 (2x) 2.684(4) 2.687(6) 2.697(5) 
M3 (2x) 2.606(3) 2.639(5) 2.638(5) 
M4 2.935(4) 2.962(6) 2.985(5) 

M2 M2 2.665(3) 2.657(5) 2.660(4) 
M2 (4x) 2.652(7) 2.65(1) 2.634(9) 

M3 M3 2.718(5) 2.755(9) 2.781(8) 
M3 (2x) 2.678(2) 2.668(4) 2.679(4) 
M4 2.934(4) 2.977(6) 2.988(6) 

M4 M4 2.62(1) 2.62(2) 2.69(2) 
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Table 9. Models of Mg52 (AlwDi-w)i2Al96 (w = 0-1). • denotes a vacancy on the M4 site. 

M4-M4 contact 
Model Formula 

AI-Al Al-D 

I Mg52(Dl2Alo)Al96 0 0 6 

II Mg32(n8Al4)Al96 2 0 4 

III Mg52(08Al4)Al96 0 4 2 

IV MgJ2(n6Al6)Al% 0 6 0 

V MgJ2(D4Al8)Al96 4 0 2 

VI Mg52(04AIg)Al96 2 4 0 

VII Mg52( DoAl 12) AI96 6 0 0 



www.manaraa.com

81 

Supplementary Materiab 

Appcadix 1. 

(a) X-ray single crystal data and structure refinements for Mgi.73(i)Zn2.4<(2)Alo.69(2) (1)« 
Mgi.75(l)Zni,l4(2)All JKI) (2) and Mgi.74(i)5tai.44(6)Ali.63(3) (3). 

Compound (1) (2) (3) 

I. Crystal Data. 
form wt (g/mol) 
Color, habit 
Crystal size, mm 

Crystal system 
Sf^e group 
a(Al' 

dcaic (g/cm) 
Abs coeff. (mm ) 
F(OOO) 

II. Data ColicctioM. 
Diffractometer 
Radiation (A) 
Temperature, K 
Omiib 6imui (°) 
Mcl range 

h 
k 
I 

Reflections collected 
Unique Data 
Absorption corrections 
Transmission range 

7.08(6)xl0' 
silver, needle 
0.03 X 0.05 X 
0.1 
Cubic 
Im3 
14.131(1) 
2822.0(4) 
4.17(3) 
16.69 
3327.0 

0.71073 
298(2) 

2.03,28.93 

-10,18 
•18, 18 
-18,16 

9324 
777 
SADABS 
0.43,1.0 

III. Sdatioa aad Rcfiacnicat. 
Structure solution 
Refinement Method 
GoodnessH>f-fit on F 
Rl, wR2 a>2<Ti) 
Rl, wR2 (all data) 
Extinction coefficimt 
(Ap) nuoc. min (e/A ) 

6.35(3)xlO' 
silver, needle 
0.13x0.13x0.25 

Cubic 
Im3 
14.212(3) 
2871(1) 
3.67(2) 
11.58 
2950.4 

5.82(2)xl0' 
silver, needle 
0.07 x 0.02 X 0.02 

Cubic 
ImS 
14.364(3) 
2%3(1) 
3.26(3) 
9.419 
2765 

Siemens Smart CCD 
0.71073 
298(2) 

2.03,28.30 

0.71073 
163(2) 
2.01,28.23 

-10, 18 
-6.19 
•18,15 

5450 
681 
SADABS 
0.61,1.0 

-18,18, 
-18, 18, 
-8,17 

6350 
675 
SADABS 
0.54,0.86 

0.986 
0.0209,0.0388 
0.0417,0.0311 
0.00086(3) 
0.699. -0.555 

Direct methods 
Full-matrix least-squares on F^ 

1.012 
0.0168,0.0326 
0.0227, 0.0340 
0.00020(2) 
0.353.-0.580 

0.962 
0.0262,0.0277 
0.0664,0.0303 
0.00005(1) 
0.621.-0.554 

* From Guinier powder pattern (room temperature). 
1/2 

w-a'p 
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Appendix 1. (Continued) 

(b) Anisotropic displacement parameters (A^x 10^) for "Mg2.y(ZnxAli.,)3+y" fham X-ray 
single crystal data. The anisotropic displacement factor exponent takes the form: 
-27iVa^Uii + ... + 2hkabU,2] 

U|| U22 U33 U23 Ui3 U|2 

Mgl.73(l)Zn2 46(2)A1O.69(2) (1) 

A1 12e 15(1) 21(1) 16(1) 0 0 0 
A2 16f 16(1) 16(1) 16(1) -1(1) -1(1) -1(1) 
A3 24g 15(1) 16(1) 16(1) -3(1) 0 0 
Ml 24g 14(1) 15(1) 15(1) -3(1) 0 0 

14(1) 15(1) 15(1) -3(1) 0 0 
M2 24g 12(1) 12(1) 12(1) 0(1) 0 0 

M3 48h 13(1) 18(1) 15(1) 1(1) -1(1) 1(1) 

Mg|.75(l)Zni 84(2)AII.31(1) (2) 

A1 12e 13(1) 14(1) 21(1) 0 0 0 
A2 16f 15(1) 15(1) 15(1) -1(1) -1(1) -1(1) 
A3 24g 16(1) 14(1) 15(1) 0 0 -2(1) 
Ml 24g 13(1) 14(1) 13(1) 0 0 -3(1) 

M2 24g 11(1) 11(1) 11(1) 0 0 -1(1) 

M3 48h 16(1) 11(1) 13(1) -1(1) 1(1) 1(1) 

Mgi,76(l)Zni 46{6)AIi 63(3) (3) 

Al 12e 7(1) 13(2) 11(1) 0 0 0 
A2 16f 10(1) 10(1) 10(1) -1(1) •1(1) -1(1) 
A3 24g 9(1) 10(1) 12(1) -3(1) 0 0 
Ml 24g 10(1) 10(1) 11(1) -2(1) 0 0 

M2 24g 10(1) 9(1) 9(1) 0 0 0 

M3 48h 9(1) 12(1) 10(1) 1(1) -1(1) 1(1) 
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Appendix 2. 

(a) Analysis of Guinier Powder X-ray Dini-action Film of "Mg2Zn2Al" 
- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Mgi 73(1 )Zn2 46<2A'o 69(2) (1) 

Space group [ml 

a 14.131(1) 
K(A^) 2822.0(4) 
Error of fit 2.535 

Refl# h k 1 J I sin^xlO' d calc. 26 calc. 20 corr. diff. 

1 1 I 0 12 779.9 5.95 9.9924 8.85 8.89 -0.04 
2 2 1 1 24 232.4 17.86 5.7691 15.36 15.36 0 
3 3 1 0 12 104.4 29.76 4.4687 19.87 19.87 0 
4 2 3 1 24 267.8 41.66 3.7768 23.56 23.59 -0.04 
5 3 3 0 12 61.2 53.57 3.3308 26.76 26.73 0.03 
6 2 4 0 12 71 59.52 3.1599 28.24 28.22 0.02 
7 5 1 0 12 25.2 77.38 2.7714 32.3 32.29 0.01 
8 3 5 0 12 671.7 101.18 2.4235 37.1 37.08 0.02 
9 6 0 0 6 320.6 107.13 2.3552 38.21 38.21 0 

10 5 3 2 24 1000 113.09 2.2924 39.3 39.29 0.01 
11 6 3 1 24 588.3 136.89 2.0836 43.43 43.41 0.02 
12 5 4 3 24 405.5 148.8 1.9985 45.38 45.38 0 
13 4 6 0 12 182.2 154.75 1.9597 46.33 46.31 0.02 
14 7 2 1 24 93.4 160.7 1.923 47.27 47.25 0.02 
15 6 4 2 24 13.6 166.65 1.8884 48.19 48.19 0 
16 5 6 1 24 76.5 184.51 1.7947 50.88 50.85 0.02 
17 4 7 1 24 69.8 196.41 1.7395 52.61 52.59 0.02 
18 8 5 3 24 350.6 291.64 1.4275 65.37 65.35 0.02 
19 10 0 0 6 99.4 297.6 1.4131 66.12 66.1 0.02 
20 5 9 0 12 44.2 315.45 1.3726 68.34 68.32 0.02 
21 5 9 2 24 91.8 327.36 1.3474 69.8 69.78 0.02 
22 10 4 0 12 43 345.21 1.3121 71.97 72.01 -0.05 
23 6 9 1 24 40.2 351.16 1.3009 72.68 72.71 -0.02 
24 9 5 4 24 66 363.07 1.2794 74.11 74.15 -0.04 
25 5 10 1 24 9.3 374.97 1.2589 75.52 75.56 -0.04 
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Appendix 2. (Continued) 

(b) Analysis ofGuinier Powder X-ray Diffraction Film of"Mgi ezsZni 688AI168?' 
- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.S4180 A 
- Single Crystal data Mgi 75(i)Zni.84(2)Ali.3i(i) (2) 

Space group Jml 

a 14.212(3) 
V(A') 2871(1) 
Error of fit 5.529 

Refl# h k 1 J I sin^xlO^ d calc. 20 calc. 20 corr. diff. 

1 2 1 I 24 231.4 17.65 5.8021 15.27 15.22 0.05 
2 3 1 0 12 104 29.42 4.4943 19.75 19.66 0.09 
3 2 3 I 24 266.9 41.19 3.7984 23.42 23.36 0.06 
4 2 4 0 12 70.8 58.84 3.1779 28.08 28.03 0.05 
5 5 1 0 12 25.1 76.5 2.7872 32.11 32.09 0.02 
6 3 5 0 12 671.5 100.04 2.4374 36.88 36.81 0.06 
7 6 0 0 6 320.6 105.92 2.3687 37.99 37.96 0.02 
8 5 3 2 24 1000 111.8 2.3055 39.07 39.03 0.04 
9 6 3 1 24 588.8 135.34 2.0955 43.17 43.11 0.06 

10 5 4 3 24 406 147.11 2.0099 45.11 45.07 0.03 
II 4 6 0 12 182.5 153 1.9709 46.05 46.03 0.02 
12 7 2 1 24 93.5 158.88 1.934 46.98 46.95 0.03 
13 5 6 I 24 76.7 182.42 1.8049 50.57 50.51 0.06 
14 4 7 1 24 70 194.19 1.7494 52.29 52.27 0.03 
15 8 5 3 24 350.9 288.34 1.4356 64.96 64.98 -0.02 
16 10 0 0 6 99.5 294.22 1.4212 65.7 65.78 -0.08 
17 5 9 0 12 44.2 311.88 1.3804 67.9 67.99 -0.09 
18 5 9 2 24 91.8 323.64 1.3551 69.35 69.37 -0.03 
19 5 10 1 24 9.3 370.72 1.2661 75.02 75.09 -0.07 
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Appendix 2. (Continued) 

(c) Analysis of Guinier Powder X-ray Diffraction Film of "Mg2ZnAl2" 
- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Mgi.76(i)Zni 46(6)Ali 63(3) (3) 

Space group JmJ 

a 14.364(3) 
V{\-) 2963(1) 
Error of fit 4.943 

Refl# h k 1 J I sin'xlO^ d calc. 26 calc. 20 corr. diff. 

1 2 1 I 24 229.4 17.28 5.8641 15.11 15.07 0.04 
2 2 3 1 24 265.3 40.32 3.839 23.17 23.12 0.05 
3 5 1 0 12 25.1 74.89 2.817 31.76 31.75 0.02 
4 3 5 0 12 671.1 97.93 2.4634 36.47 36.43 0.04 
5 6 0 0 6 320.5 103.69 2.394 37.57 37.54 0.03 
6 5 3 2 24 1000.0 109.45 2.3302 38.64 38.65 -0.01 
7 6 3 1 24 589.8 132.49 2.1179 42.69 42.66 0.03 
8 7 1 0 12 176.8 144.02 2.0314 44.6 44.57 0.03 
9 4 6 0 12 182.9 149.78 1.9919 45.54 45.51 0.03 

10 7 2 1 24 93.8 155.54 1.9547 46.45 46.42 0.04 
11 6 4 2 24 13.7 161.3 1.9195 47.36 47.35 0.01 
12 5 6 1 24 77.0 178.58 1.8242 50 49.97 0.02 
13 4 7 1 24 70.3 190.1 1.7681 51.7 51.69 0.00 
14 8 5 3 24 351.6 282.27 1.451 64.19 64.16 0.03 
15 10 0 0 6 99.6 288.03 1.4364 64.92 64.9 O.Ol 
16 5 9 0 12 44.2 305.31 1.3952 67.08 67.07 0.02 
17 6 7 5 24 88.7 316.83 1.3696 68.51 68.5 0.01 
18 9 5 4 24 65.9 351.4 1.3005 72.71 72.75 -0.04 
19 6 10 0 12 212.8 391.72 1.2317 77.49 77.66 -0.17 
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Appendix 3. 

(a) Crystallographic Data from neutron diffraction study of Mgi.73(i)Zn2.o6(3)AI|.o9(3) (4), 
Mgl.75(l)Zn).76(5)AllJ4(6) (5). Mgi.7«(l)ZniJ4(5)Ali.76(5) (6). 

Compound (4) (6) 
I. Crystal data 

form wt (g/mol) 6.7(3)xl0^ 6.2(5)xlO^ 5.7(2)xl0^ 

Cell system Cubic Cubic Cubic 

Space group ImJ Im3 ImS 

a(A) 14.11247(6) 14.1804(1) 14.2697(1) 

ViA') 2810.66(2) 2851.48(5) 2905.66(4) 

dcic (g/cm^) 3.9(K6) 3.62(9) 3.25(6) 

Specimen shape, powder, gray powder, gray powder, gray 
color 

Radiation type neutron neutron neutron 

Temperature, K 10(2) 

11. Data Collection 

Diffractometer GPPD 

Data collection 
method 

Time-of-flight scans 

Specimen Vanadium can 
mounting 

Structure GSAS 
refmements 

Profile function Pseudo-Voigt 

Background polynomial function with 6 variables 
function 

Scattering angle 145.88' 

d*spacing range, A 0.8-2.8 

Data points 4335 

Rp,FUp(%r 4.28, 5.89 3.95, 5.36 4.62,6.18 

Goodness of fit (x)^ 1.43 1.53 1.71 

Diffraction 610 687 689 

Variable 53 55 55 
parameters 

• R, = Z|V. - Y./I|Y.|; R, =[z["( Y/ - Y.')"]/l[«(v/f]f. Y.«KI Y. 

are observed and calculated counts. 

** , Note is the number of observations and Nvw is the 

number of parameters. 
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Appendix 3. (Continued) 

(b) Anisotropic thermal displacement parameters (U'^ x 100 A^) for Rietveld-reflned 

structure for "Mg2.y(Zn*Ali.*)3+y" (4-6)fTom neutron powder diffraction. 

I- Mgi.73(i)Zn2 06<3}Ali 09(3) (4) 

atom site Uii U22 U33 U,2 U,3 U23 

A1 12e 1.4(3) 0.7(2) 0.7(2) 0 0 0 

A2 16f 0.93(8) 0.93(8) 0.93(8) -0.1(1) -0.1(1) -0.1(1) 

A3 24g 1.0(2) 0.7(2) 0.6(1) -0.3(1) 0 0 

II. Mgi,75(i)Zni.76(5)Ali 34(6) (5) 

atom site Uii U22 U33 U,2 U,3 U23 

A1 12e 1.5(5) 0.8(4) 0.6(4) 0 0 0 

A2 16f 0.9(1) 0.9(1) 0.9(1) -0.1(2) -0.1(2) -0.1(2) 

A3 24g 1.1(3) 0.7(2) 0.5(2) -0.3(2) 0 0 

III. Mg 1.76( 1 )Zn 1 34(5)A1 1.76(5) (6) 

atom site Uii U22 U33 U,2 U,3 U23 

A1 12e 1.8(4) 0.7(3) 1.8(4) 0 0 0 

A2 16f 0.9(1) 0.9(1) 0.9(1) -0.4(1) -0.4(1) -0.4(1) 

A3 24g 2.4(3) 1.2(2) 0.8(2) -1.9(2) 0 0 
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Appendix 4. COOP curves of Mg-Mg, Mg-M and M-M contacts from theoretical 
calculations of "Mg52Alios"- The Fermi levels with their vec values are labeled. The value in 
the parentheses are overlap coefficients. 

(a) Mg-Mg contacts 
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Appendix 4. (Continued) 

(b) Mg-M contacts 
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Appendix 4. (Continued) 

(c) M-M contacts 
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Appendix 4. (Continued) 
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Appendix 5. Magnetic susceptibility measurements of "Mgi tzsZni 25AI2125", 
"Mgi 625Zni bssAli 687" and "Mgi 625Zn2125AI125". Two independent measurements were 
performed for each product. 
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Appendix 6. Temperature-dependent Resistivity Measurements of "Mgi 625Zni 25AI2125" 
under zero and S.S T of magnetic field. 
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Appendix 7. The composition of M4 site from neutron data using different models of Mg/Zn/AI/v combinations. The model in 
bold characters is the best model to match EDS experiment, (v; vacancy, NA: the model has no meaningful solution) 

Atomic Composition 
ME Zn AT 

vec ^atom/cell M4 
Mg Zn AL Mg/Zn Mg/AI Zn/Al Mg/Zn/Al/v 

reaction 0.33 0.43 0.24 2.25 160 
•cutroa-l 035 0.43 0.22 2.22 156 
ncutTon-2 
neutron-3 0.33 0.41 0.26 2.26 160 
neutron-4 0.39 0.40 0.21 2.21 157 
neutron-S 0.33 0.46 0.21 2.21 157 
neutron-6 
neutron-7 
EDS 0.32 0.48 0.20 2.20 

** Mgaj>ZMaLUsAI«jjs" 
reaction 0.33 0.335 0.335 2.34 160 
•catroa-l OM 0J« 0.28 2.28 155 
ncution-2 0.34 0.34 0.32 2.32 160 
neutron-3 
neutron-4 0.39 0.34 0.27 2.27 156 

neutron-S 0.34 0.39 0.27 2.27 156 

neutron-6 0.33 0.33 0.34 2.34 160 

neutron-7 
EDS 0.34 0.40 0.26 2.26 

reaction 0.33 0.450 0.43 2.43 160 
•c«troa-l 0J6 0.28 0J6 236 155 
neutron-2 0.35 0.25 0.40 2.40 160 
neutron-3 
neutron-4 0.39 0.25 0.36 2.36 156 
neutron-S 0.33 0.31 0.36 2.36 1S6 
neutron-6 0.33 0.25 0.42 2.43 160 
neutron-7 
EDS 0.35 0.30 0.34 2.32 

0.27/0.40 
NA 

0.23/0.77 
0.75 

0.72 
NA 

NA 

0J4/O.28 
0.27/0.73 

NA 
0.64 

0.67 

NA 

0J5/0.27 
0.67/0.33 

NA 
0.67 

0.63 

NA 
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CHAPTER 4 

EXPERIMENTAL AND THEORETICAL STUDIES OF 
QUASICRYSTALLINE APPROXIMANTS IN LI-MG-ZN-AL SYSTEMS 

A paper to be submitted to Inorg. Chem. 
Chi-Shen Lee and Gordon J. Miller 

Abstract 

A series of ternary and quaternary R-phase compounds in the Li-Mg-Zn-Al system 

were synthesized from pure elements in sealed Ta tubes with starting compositions based on 

the suggestions from electronic structure calculations using relative Mulliken populations to 

quantify the site preference for the various elements. Single crystal structural analyses 

revealed new R-phase compounds with various (Li/Mg) and (Zn/Al) ratios. The space group 

of all compounds is cubic Im3 (No. 204). Five quaternary (Lii oo(i)Mgo.63(2r 

Zn 1.23(1 )Al2.14(1 )(1), a - 14.073(3) A; Lii oo(i)Mgo{)3(i)Zni,42(i)Ali,96(i)(2), a - 14.088(3) A; 

Li 101(1 )Mgo62(1 )Zni 31(1 )Al2 06(1 )(3), a - 14.096(5) A; Lii 03(i)Mg0 6O(i)Zni 78(3)Ali.59(3)(4), a -

13.993(5) A; and Lio.78(2)Mgo83(2)Zn247(i)Alo94(i)(5), a = 13.933(2) A) and four ternary 

(Lii 63Zno.gi(i)Al2.j6(i)(6). d - 14.135(3) A; Lii.bsZni 42(iAli 95(i)(7), a = 13.966(5) A; 

Lii 63Zni 59(i)Al|.7g(i)(8), o ~ 13.947(2) A; and Li| 63Zni.77(i)Al) 60(i)(')» o = 13.933(4) A) R-

phase compounds were identified. The crystal structure exhibits an Al/Zn (M sites) network 

constructed from M12 icosahedra and M«o buckyball-type clusters. Li/Mg atoms (A sites) fill 

cavities within the Al/Zn network to give pentagonal dodecahedra (A20). The site-potential 

studies (relative Mulliken populations) indicate two groups of atomic sites (positively and 

negatively polarized) and these results are consistent with the single crystal studies. 



www.manaraa.com

96 

Introduction 

Quasicrystalline phases are a young class of solid state compounds that contains 

noncrystallographic rotational symmetries in their diffraction patterns.'^ Compositions 

(including phase widths), structures and physical properties have been studied intensively for 

a variety of quasicrystalline phases in binary and temary intermetailic systems/ To date, 

however, the actual structures of most quasicrystals are still a mystery. On the other hand, 

some crystalline intermetailic compounds are considered "quasicrystalline approximants," 

because their building blocks contain high-symmetry polyhedra that can be used as possible 

2,3,8-10 
models for components of quasicrystalline structures. One of these quasicrystalline 

approximants is the Mg32(Zn,Al)49-type structure (also called the R-phase structure, Pearson 

8,9 
symbol cII60) that was first reported by Bergman and Paulmg. Its structure features a 

network of fused polyhedra with icosahedra, pentagonal dodecahedra and truncated 

icosahedra (Cbo-type cages). This particular structure type is only found in temary or higher 

order intermetailic systems." 

We have recently reported a detailed, systematic investigation of the phase width, 

elemental site preferences, physical properties and electronic structure of the temary Mg-Zn-

A1 R-phase system." According to our results, the seven crystallographic sites in the R-phase 

structure separate into three distinct sets: (I) three sites (52 atoms per unit cell) exclusively 

contain the electropositive Mg atoms (we will call these A sites: Al, A2, A3); (2) three sites 

(96 atoms per unit cell) have mixtures of Zn and Al (we will call these M sites: Ml, M2, 

M3); and (3) one site, called M4 (12 atoms per unit cell), contains a mixture of Zn and Mg 

atoms with ca. 33% vacancies. Electronic structure calculations can rationalize the observed 
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phase width in this system due to a region of M-M nonbonding levels in the densities of 

states (DOS) occurring over a range in valence electron concentration between ca. 2.1 and 2.3 

(vec = the total number of valence electrons divided by the total number of atoms in the 

formula unit). Vacancies occur in the Mg-Zn-Al R-phases because the observed 

compositions set vec values that lead to the occupation of some M-M antibonding levels 

when all sites are completely occupied. This explanation of vacancies in an intermetallic 

system is similar to the Grimm-Sommerfeld model of tetrahedral semiconductors.'^ 

Therefore, the crystalline, cubic R-phase structure presents numerous possibilities for 

elemental site preferences and vacancy distributions in an intermetallic structure. 

In this paper, we discuss a fluther theoretical study of the R-phase structure, revealing 

that the site potentials of the three A sites are not equal. This result inspired us to introduce 

other electropositive elements, like Li, Ca, or Eu, into the Mg-Zn-Al system to form possible 

quaternary R-phases. To our knowledge, the only quaternary R-phase system to be reported 

is in the Na-Mg-Zn-Al system, but the relative site occupancies of Na, Mg and A1 atoms 

could not be deflnitely characterized due to their similar scattering of X-rays. Our previous 

results in the ternary Mg-Zn-Al R-phase system and the significant differences in X-ray 

scattering between Mg and Li, Ca, or Eu make it possible to completely investigate the 

18 
"coloring problem" in this system of quasicrystalline approximants. Therefore, we also 

report the synthesis and the first single crystal structural characterizations of ternary and 

quaternary R-phases in the Li-Zn-AI and Li-Mg-Zn-AI systems. 
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The Theoretical Model 

Before we discuss the theoretical model of site potentials in the R-phase structure, we 

19 
show its beautiful structure in Figure I. According to crystallographic studies on diverse 

intermetallic systems adopting the R-phase structure, four distinct positions (M1-M4 sites) 

create a network of pentagonal pyramids, icosahedra and buckminsterfullerene-type clusters 

(truncated icosahedra), and three other positions (A1-A3 sites) fill interstices in the M1-M4 

network. The coordination environments of the three A sites are shown in Figure 2. 

Environments for A2 (Wyckoff site 16J) and A3 (Wyckoff site 24g) are Friauf polyhedra, 

20^1 
which are common structural elements in binary Mg-Zn and Mg-AI system. The four 

hexagonal faces are all capped by other A-site atoms. Eight A2 and twelve A3 environments 

fuse to form the "Samson polyhedron,"^^ which contains 84 M atoms from a central 

icosahedron surrounded by twelve pentagonal pyramids. Adjacent Samson polyhedra share 

hexagons along {111} directions and M4-M4 edges along {100} directions to create the 

condensed, body-centered cubic packing of these building blocks. 

Figures 1 and 2 

The enviroiunent surrounding each A1 site consists of 13 M atoms (2 Ml + 8 M3 + 3 

M4 sites) with A3 atoms capping two hexagonal faces and a M4 site capping the third 

hexagonal face, as shown in Figure 2a. This particular interstitial site connects four adjacent 

Samson polyhedra in a tetrahedral arrangement - these sites are the tetrahedral holes in a bcc 

packing.'^ 
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To study the site preference problem in R-phase compounds. Extended Hiickel tight-

binding band calculations were performed on a model in which all seven crystallographic 

sites^^ were assigned the same atomic orbital parameters (Al). The primitive unit cell 

containing 80 atoms was used and a special points set of 60 k points in the irreducible wedge 

27 
of the first Brillouin zone of a bcc lattice was chosen to pertbrm the integrations for 

calculations of Mulliken populations, total/partial densities of states (DOS and PDOS), 

28.29 
crystal orbital overlap populations (COOP) and Fermi energies. Atomic orbital 

parameters for Al are: H„{3s) = -12.3 eV, H„(3p) = -6.5 eV, ^(Jj) = l^(3p) = 1.167. 

Figure 3 

The total DOS and the COOP curves for M-M, A-M and A-A interactions are 

illustrated in Figure 3 for the model described above. The contributions to the total density 

of states (PDOS) curves from the M1-M4 and A1-A3 sites are represented, respectively, as 

gray and black shades. Two Fermi energies (EF) are marked by dashed lines and represent 

the observed range in vec for R-phase structures: 2.00 < vec ^ 2.34. The DOS curve shows a 

significant drop in the number of electronic states between -5.8 and -8.0 eV (2.10 < vec < 

2.70), but no band gap occurs in this energy region. Furthermore, the relative contributions 

of orbitals from the M1-M4 and the A1-A3 sites are essentially equal in this region of the 

DOS. On the otlier hand, the M1-M4 orbitals have greater contribution at lower (occupied) 

energies (E < -8.0 eV), while the AI-A3 orbitals have larger contributions at higher 

(unoccupied) energies (E > -6.0 eV). Therefore, the density of valence electrons on the Ml-

M4 network is greater than the A1-A3 sites from the characteristics of the occupied energy 
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bands in the R-phase. Since this calculation was carried out with the same atomic orbital 

parameters at each site in the structure, the resulting Mulliken populations are affected by the 

atomic coordination environment and the strengths of the various interatomic orbital 

interactions. 

The COOP curves for A -A (dashed line), A-M (dotted line) and M-M (solid line) 

contacts are illustrated in Figure 3. For 2.00 < vec < 2.2S, the integrated overlap population 

of each contact is essentially optimized, since the orbital interactions for all metal-metal 

contacts in this region of the DOS are nearly nonbonding. Moreover, there are electronic 

states contributing to this nonbonding region, and R-phases should be metallic conductors. 

These COOP curves also suggest that the total strength of all chemical bonds in the R-phase 

sUiicture is weakly sensitive to vec values in the range between 2.00 and 2.SO, and that unit 

cell sizes will be controlled by the average atomic sizes than by special chemical bonding 

forces. 

Figure 4 

To elucidate the site potentials for the different crystallographic positions in the R-

phase framework, we can compare the calculated Mulliken populations for each 

crystallographic site. These results are plotted in Figure 4 as the relative Mulliken population 

for each independent crystallographic site vs. total vec over a range of vec values in which the 

R-phase structure is observed for ternary and quaternary systems (indicated by the two 

dashed lines). The relative Mulliken population for a site equals the difference between the 

average vec and the calculated Mulliken population for that site. The Extended HUckel 

method allows such an analysis because the energy DOS is constructed solely from atomic 
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orbital interactions; valence electrons are then placed in these orbitals according to the 

aufhau principle, and several different electron counts can be examined. For a given vec, a 

positive (negative) value of the relative Mulliken population means an atomic site is 

positively (negatively) polarized. According to the concept of topological charge 

30 
stabilization in a chemical structure with inequivalent positions , the atomic sites with high 

Mulliken populations (negative relative Mulliken populations) are favored for the more 

electronegative atoms and the sites with low Mulliken populations (positive relative Mulliken 

populations) are favored for the more electropositive atoms. Figure 4 shows some important 

features: 

(1) The relative charges of the seven crystallographic sites divide into two groups. The Ml-

M4 sites are negatively polarized and the A1-A3 sites are positively polarized. This is 

consistent with the relative electronegativities of the elements found on these two sets of 

positions for various ternary R-phase materials listed in Table I: more electronegative 

elements occupy the M1-M4 sites. 

Table 1 

(2) The A3 site shows significantly lower positive charge than both the A1 and A2 sites to 

suggest that two different electropositive metallic elements may occupy the A1-A3 sites in a 

nonrandom fashion. In this case, the more electropositive atoms would preferentially 

segregate to the A1 and A2 positions in the R-phase structure. 

(3) For the MI-M4 sites, the M4 site is the least negatively polarized (closest to zero) when 

2.12 < vec £ 2.50, and there is a crossover point between M4 and M3 when vec = 2.12. Our 
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previous studies on the ternary Mg-Zn-AI R-phase system indicated that Zn and Mg atoms as 

well as vacancies occurred at the M4 position for higher A1 content (vec > 2.28). 

These theoretical results, especially points (2) and (3), inspired us to investigate 

various quaternary derivatives of the R-phase structure in the Mg-Zn-Al system by 

introducing other electropositive elements lo the reactant mixture. We limited our search to 

monovalent and divalent elements, i.e., alkali, alkaline earth, and divalent rare earth elements 

(Eu and Yb), and made initial trials with those elements that were closest to Mg in size and 

electronegativity. We avoided Na because it would be difficult to differentiate Na from Mg 

using diffraction techniques. Among these elements, Eu has the closest electronegativity 

value to Mg and Li has the closest atomic radius to Mg. Therefore, to take into account 

potential size and electrochemical effects, our targets involved quaternary systems with Li, 

Ca and Eu. Size seemed to played a decisive role, as well as competing thermodynamic 

stability of binary aluminides, e.g., CaAU and EuAU, which contributed to the result that Li 

was the only element among these three that would form new quaternary derivatives of the 

R-phase structure. 

Experimental Studies of Quaternary Li-Mg-Zn-AI R-Phases 

Synthesis All materials were handled in an Ar-filled glovebox in which the concentration of 

O2 is lower than 10 ppm. Starting materials included Li ingots (Johnson-Matthey, 99.5 %), 

Mg turnings (Johnson-Matthey, 99.98 %), Zn powder (Alfa, 99.9%), Al ingots (Alfa, 

99.9999%), and Al foil. Maximum weighing errors were less than 1%. All reactant mixtures 

were sealed in cleaned Ta tubes (Alfa, 99.99%; washed with 15% HF/35% HN03/50% 
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H2SO4 solution and dried) that were placed in fused silica Schlenk tubes under reduced 

pressure. The ampoules were heated to 1070-1120 K for six hours, and then cooled to 670 K 

at a rate of 5 K/hr, and finally quenched to room temperature. Several different reactant 

mixtures were designed and measured to give targets of (LiuMgi-u)52(ZnxAli_x)io8i 0 < u < 1. 

These reactions are summarized in Table 2. All products were silvcr>' and brittle, and 

sensitivity to moisture and air increased as the Li content increased. Reaction products were 

characterized by Guinier X-ray powder patterns using Cu Ka radiation (X = 1.54056 A). In 

all but one condition, reaction (0« the R-phase structure was the major crystalline product, 

although subsequent single crystal diffraction showed that there were subtle differences 

between the composition of the R-phase and the reactant composition. Reaction (0 produced 

a novel intermetallic structure, which we report elsewhere.^' 

Table 2 

Single Crystal X-ray DifTraction Single crystals suitable for X-ray diHraction analysis 

were selected from small amounts of crushed product. Crystals in the Li-Mg-Zn-Al system 

showed needle-like morphologies, and were mounted on the tips of glass fibers. Crystal 

quality was checked by rotation photographs on a Siemens P4 single crystal diffractometer 

with Mo Ka radiation (K = 0.71073 A) at room temperature (298(2) K). Difli^tion data for 

detailed structural analyses were collected at 298(2) K using a Bruker CCD-1000 

diflractometer with monochromatic Mo Ka radiation, X = 0.71073 A, and a detector to crystal 

distance of 5.08 cm. At least two independent single crystal data sets were collected for each 

sample. For each crystal, the data were collected in at least a quarter hemisphere, and 
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harvested by collecting three sets of frames with 0.3° scans in w for an exposure time of 30-

60 sec per frame. The range of 20 values was 3.0° to 58.0°. The data were corrected for 

Lorentz and polarization effects. Absorption corrections were based on fitting a function to 

the empirical transmission surface as sampled by multiple equivalent measurements. The 

unit cell parameters were determined from 90 fhuncs of reciprocal spacc images and then 

least squares refined with all observed intensity data. Systematic absences revealed a body-

centered cubic crystal system, Laue group mJ, and space group /mi. Structures were 

32.33 
solved by direct methods (SHELXTL-V5.12 ) and subsequently refined by full-matrix 

least-squares refinement of using a model based upon Mgi 63(ZnxAIi-*)3 37.^^ An 

abbreviated summary of the crystallographic data is listed in Table 3. The detail 

crystallographic data including atomic positions, site occupancies, and intemuclear 

separations for all compounds are available as Supporting Information. 

Table 3 

Magnetic susceptibility measurements Magnetic susceptibility measurements were carried 

out at 3T using a Quantum Design SQUID magnetometer for product (c), 

Lii ooMgo63Zni 22Al2 i5 (5-260 K) and product (i), Lii asZni soAlj g? (5-150 K). Af^cr 

diamagnetic core corrections, both compounds show temperature independent susceptibilities 

above ca. 50 K. Lii ooMgo63Zni 22AI2.1S exhibits paramagnetic behavior and the average 

magnetic susceptibility above 50 K is 8.51 x lO"^ emu/mole. On the other hand, 

Li| ejZni joAli 87 shows diamagnetic behavior and the average susceptibility above 50 K is 

-1.9x10"^ emu/mole. 
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Results and Discussion 

Composition, structure, site occupancies and properties of intermetallic compounds in 

general are closely interrelated aspects of such compounds, and really cannot be considered 

separately. Nevertheless, to facilitate the discussion of our results, we will address each area 

in its own section and conclude with an overview of these relationships. 

Composition in Li-Mg-Zn-AI R-phases 

Figure S summarizes the compositional results in a pseudo-ternary (isothermal) phase 

diagram based upon vec. Different starting compositions involving Ave quaternary mixtures 

(a-f, see Table 1) and four ternary Li-Zn-Al mixtures (g-j, see Table 1) are indicated by open 

circles in the diagram. Compositions based upon reflnements of site occupancies from single 

crystal X-ray diffraction experiments are shown by filled circles on the same diagram. 

Although starting compositions give a range in vec from ca. 1.8 to 2.3, the single crystal 

results produced a narrower range between 2.00 and 2.2S, which is in excellent agreement 

with our findings from electronic structure calculations. The observed minimum vec value 

require that the maximum Li:Al ratio be 1.0. Also, the maximum Li content is 0.32S, which 

is exactly in accord with 52 A sites per unit cell. 

Figure 5 

Structure and Site Occupancica in Li-Mg-Zn-AI R-phascs 

The positional parameters and site occupancies in the structures of quaternary Li-Mg-

Zn-Al crystals were first refined by placing Mg atoms on the A1-A3 sites and Al atoms on 

the M1-M4 sites and fixing isotropic thermal displacement parameters. After a few cycles of 
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least-squares refinements, the site occupancies indicated that the A1-A3 sites (Wyckoff sites 

I2h and 16d) were electron deficient compared to Mg and should be partially occupied by Li. 

On the other hand, the refined electron densities on the M1-M4 sites were larger than Al and 

should be refined as a mixture of Zn and Al. Once the possible atom types were determined 

for each site, subsequent refinements included anisotropic displacement parameters. 

Figures 6 and 7 

Figures 6 and 7 illustrate results concerning structure and site occupancies in 

quaternary and ternary R-phase systems. Figures 6a and 6b show the correlations between 

unit cell volumes and, respectively, average atomic volume and vec. Included in these graphs 

are results from our earlier work with ternary Mg-Zn-Al R-phases." Clearly, the unit cell 

volumes increase as both the average size and electron count of the component elements 

increases. Although the correlation with average atomic volume is clear, the correlation with 

vec is require exploration. Throughout the range of observed vec values (2.00-2.35 for all 

examples in Figure 6), the orbitals near the corresponding Fermi levels show an overall 

nonbonding character with respect to M-M, A-M, and A-A contacts (see COOP curves in 

Figure 3). Therefore, the trend in unit cell volume should follow the changes in atomic 

volumes associated with the elements controlling the vec. In the ternary classes of R-phases, 

i.e., the Li-Zn-Al and Mg-Zn-Al systems, \ec values increase as the AI:Zn stoichiometric 

ratio increases. Since the metallic radius of Al (1.43 A) exceeds that of Zn (1.34 A), as vec 

increases in these two systems, the average atomic volume increases, and the unit cell volume 

also increases. In the quaternary Li-Mg-Zn-AI system, crystallographic experiments 
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demonstrated that the Li:Mg stoichiometric ratio also did not change. Thus, again, vec values 

increase as the Al;Zn ratio increases, and the same trend will occur. 

Site occupancies among the different A and M sites in the quaternary crystals also 

show interesting variations. Figure 7a reveals the Li site occupancies at the three different A 

sites in the quaternary systems. The A! site is completely occupied by Li, whereas the A2 

and A3 sites are occupied by a mixture of Li and Mg. Since the experimental vec values in 

the Li-Mg-Zn-Al system lie between 2.00 and 2.25 e7atom, the relative site occupancies 

follow theoretical expectations for the three A sites exactly (see Figure 4). The A2 and A3 

sites constitute pentagonal dodecahedra that cap the faces of the internal icosahedra (M2 

sites) in the Samson cluster. Figures 7b and 7c illustrate how the A1 contents vary among the 

crystals in the Li-Zn-AI and Li-Mg-Zn-Al systems. In all Li-Zn-Al crystals and in the 

quaternary system when vec is between ca. 2.15 and 2.25 e7atom, the M4 site is exclusively 

occupied by Al atoms (there are no vacancies apparent in our reflnements, which is consistent 

with our conclusions from the Mg-Zn-AI system that introduced vacancies on the M4 sites 

when vec exceeds 2.28 e7atom). When vec drops below 2.15 e7atom in the Li-Mg-Zn-Al 

crystals, a small amount of Zn also occupies this M4 site. All other M sites (MI, M2 and 

M3) show a monotonic increase in Al content with lattice constant for both systems. Unlike 

in the ternary Mg-Zn-AI systems, the Al content at the M2 site varies among the different 

crystals. 

Figure 8 
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The effect of replacing Mg with Li in the electronic structure of the R-phases is to 

introduce high energy atomic orbitals at the Li sites. To investigate the change in site 

potentials throughout the R-phase structure, we treated the Li sites as vacant (i.e., no atomic 

orbitals were positioned at these sites, which is equivalent to placing a negative potential at 

these sites that repels electrons), but included its one valence electron to the total valence 

electron count. Figure 8 illustrates the variation in relative Muliiken populations with vec for 

the model •12A40M108 (A2, A3 and all M sites are given A1 parameters; the A1 site is 

vacant). From this calculation, we observe the following results: 

(1) The M4 site clearly becomes the most negatively polarized and highly attractive for the 

Al atoms. Such sites are also not well suited to accommodatc vacancies. 

(2) The A2 site is defmitely more positively polarized than the A3 site. In the quaternary 

Li-Mg-Zn-Al crystals, the A2 site obtains significantly more Li than the A3 site, which 

agrees with these theoretical results. 

Conclusions 

In this study, ternary and quaternary R-phases were characterized and the results 

revealed a nonrandom site preference for Li and Mg atoms among the A1-A3 sites in the 

structure. A Muliiken population analysis from Extended-HUckel tight-binding band 

calculations on the R-phase structure separates the atomic positions into two groups of 

positively and negatively polarized sites, whose site occupancies follow elemental 

electronegativities. The site potential of different atomic positions depends on the various 

coordination environments, and leads to a difference among the three "cation" sites, A1-A3. 

A subsequent X-ray diffraction study on quaternary samples indicated that Li more readily 
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occupies the isolated A1 sites than the A2 and A3 positions that generate pentagonal 

dodecahedra. The behavior of the M1-M4 sites towards Zn/Al ratios are also affected by the 

Li atoms. The M1-M4 sites are all completely occupied as the vec values remain below 2.25 

e"/atom for the quaternary examples. Earlier work in Mg-Zn-AI revealed vacancies at the 

M4 site when vec exceeds 2.25 e'/atom, and this work also showed that vec remains below 

2.15 in the Li-Zn-Al R-phase system. Therefore, the additional flexibility in composition in 

the quaternary Li-Mg-Zn-Al crystals allows the system to achieve an optimal valence 

electron concentration near 2.25 e7atom (360 electrons per unit cell; King cited 340 electrons 

per unit cell using simple electron counting schemes.^^). Theoretical calculations of the 

relative Mulliken populations for the different crystallographic sites in these intermetallic 

phases provided a beautiful model for predicting site preferences. These calculations can be 

used with X-ray diffraction data to provide models for structural refinements. We are 

pursuing this technique in related intermetallics and quasicrystalline phases. 
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A3 A2 A1 

Figure 1. The crystal structure of the R-phase compound projected near [100]. 
The A1-A3 sites are drawn as isolated ellipsoids inside the clusters 
with different gray scales (Al: dark gray, A2: gray, A3: light gray). 
White sticks connect Zn/AI atoms (M1-M4). The thermal ellipsoid 
parameters are drawn as 99% probability fhim the data for 
Li 1.00( 1 )Mgo.63(2)Zn 1.23( l >Al2.14( l > (1 )• 
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(c) 

Figure 2. Three coordination environments for the A atoms in the R-phase 
structure. The thermal ellipsoid parameters are taken iron 
Lii oo(i)Mgo63(2)Zni 23(i)Al214(1) (!)• Gray sticks identify the shortest A-A 
contact, (a) A1-type: 13-vertex cluster, (b) A2-type: Truncated 
tetrahedron, (c) A3-type.- Truncated tetrahedron. 
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vec = 2.34 

vec = 2.00 

Figure 3. The DOS and COOP curves from the model formula of [Al26][Als4] for 
the R-phase. Two dashed lines denote the Fermi energies 
corresponding to the observed vec range in the Li-Mg-Zn-Al R-phases. 
(a) Total DOS (solid line), PDOS from A1-A3 sites (black shadow) and 
PDOS from M1-M4 sites (gray shadow), (b) COOP curves from 
contacts of A-A (dashed), A-M (dotted) and M-M (solid). 
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g 0.3 

$ -0.1 

vec 

Figure 4. The relative Mulliken populations of the A1 -AS and MI-M4 sites as a 
function of vec range from 2.0 ("Mg52Znio8") to 2.68 ("MgjzAlios"). 
The two dashed lines indicate the lower and higher limit of vec for 
ternary and quaternary Li-Mg-Zn*Al R-phases. Al: filled circle. A2: 
empty circle. A3: filled inverse triangle. Ml: empty inverse triangle. 
M2: filled square. M3: empty square. M4: filled diamond. 
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Figure 5. Phase diagram representing varies ternary and quaternary Li-Mg-Zn-Al 
reactions (open circles, a - j, see Table 1), and refined compositions 
(filled circles). Filled diamonds are single crystal results fivm ternary 
Mg-Zn-AI R-phase compounds. 
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2es0 VOO Tito 2800 2880 2900 2«60 3000 3060 
Volume (A') 

Vokm* (A') 

Figure 6. Unit cell volume x-axis) vs. vec (a), and average atomic volume (b) 
for ternary and quaternary R-phase systems. Filled circles: Li-Mg>Zn-
AI. Empty circles: Li-Zn-Al. Inverse filled triangles: Mg-Zn-Al. 
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(I)(J) (J) 

a) Li-Mg-Zn-Al; A sites 

130 1399 14 14 06 14 1 14 15 

(I)(2) (3) 

b) Li-Mg-Zn-AI: M sites 

MM*) 

(»)(•) (7) 

c) Li-2^-Aj: M sites 

CM (A) 

139 

Figure 7. The relationship between site occupancies (Li ;A sites, Al: M sites) and unit cell 
constants (A) for ternary and quaternary R-phase compounds. 
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i 0.2 

Figure 8. The relative Mulliken populations of A2-A3 and M1-M4 sites as a 
function of vec range based on the model (•i2AUo)Aliog. The x-axis 
indicates the observed vec range for ternary and quaternary R-phases. 
A2; empty circle. A3; filled inverse triangle. Ml: empty inverse 
triangle. M2: filled square. M3: empty square. M4: filled diamond. 
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Tabic 1. Summary of known R-phases with the site preference on each atomic site. 

Formula a (A) 

MO Ml M2 M3 M4 Al A2 A3 

Ref. Formula a (A) 2a 24c 24b 48f I2g 12h 16d 24e Ref. 

Mg32(Zn A1)49 14.16(3) A1 Zn/Al Zn/Al Zn/Al Mg Mg Mg Mg II 

Mgi 63(Zn,AI)3 37 14.13-14.41 Zn/AI Zn/Al Zn/AI Mg/Zn/AI Mg Mg Mg II 

(Li Mg)i .63(Zn,AI)3 37 13.93-14.10 Zn/Al Zn/Al Zn/Al Zn/Al Li Li/Mg Li/Mg a 

Lii 63(Zn,AI)3 37 13.93-14.14 Zn/Al Zn/AI Zn/AI AI Li U Li a 

Li52Ni37Si72 12.741 Ni/Si Ni/Si Ni/Si Ni/Si Li Li Li 15 

Lis2Cus7Sisi 12.933 Cu/Si Cu/Si Cu/Si Cu/Si Li Li Li 15 

Li)3Cu«Ga2) 13.568(2) Cu Ga Ga Ga Li Li Li 14 

LijCuAIj 13.9056(3) Cu/Al Cu/Al Cu/Al Al Li Li Li 13 

Na52Aug|Si29 14.138 Au Si Au Au Au/Si Na Na Na 15 

Mg36Nai 6Zn68 AUo 14.2173(7) Zn/Al Zn/Al Zn/AI Al Mg/Na Mg/Na Mg/Na 12 

Nas2Au8oGe3o 14.620 Au Ge Au Au Au/Ge Na Na Na 15 

NaisAui7Sn6 14.989 Au Sn Au Au Au/Na Na Na Na 15 

Nai3Cd2oPb7 15.992(2) Cd Cd/Pb Cd/Pb Cd/Pb Na Na Na 16 

* This work. " Wyckoff site 2a (0,0,0). 
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Table 2. Labeled summary of reaction compositions and products identified by Guinier X-ray powder diffraction and single 
crystal X-ray diflhiction for various Li:Mg:Zn;AI reactions. 

Reactions vec a" Identified Minor Phase(s)' Refined Formula'' vec 

1. (LiiMgi.x)i 63(ZnyAl|-y)j 37 

(a) Lio.ggMgoTsZni 13AI2 24 2.272 14.073(3) MgZn2(t) + Mg2Znii(t) + A!(t) Li| oo(i>Mgo63(2)Znt 2](i>Al2 i4(i)(l) 2.23(2) 

(b) Lio8«Mgo75Zni 13AI224 2.272 14.088(3) A1 (t) +Zn(t) Lii oo(i)Mgo63(i)Zni 42(I)A1I 96(1)(2) 2.20(2) 

(c) Lio63Mgi,ooZn) 22AI215 2.304 14.096(5) NA Lii 01(1 )Mgo 62(1 )Zni 3i(i)Al2 06(i)(3) 2.21(2) 

(d) Li|.ooMgo.63Zni 22AI215 2.230 13.993(5) NA Lii o3(i)Mgo60(i)Znng(3)AI| 59(3)(4) 2.11(4) 

(e) Lio.63Mgi.ooZn2 66Alo7i 2.016 13.933(3) MgZn2(t) + Mg2Znii(t) + Al(t) Lio 78(2 )Mgo 85(2 )Zn2 4 7( 1 )Alo 94( 1) (5) 2.05(2) 

(f ) Lii,ooMgo63Zn2.66Alo.7l 1.942 13.951(4) R-phase(m)+ Al(t) Lii 00(2)Mgo 60(2)Zn3 09(1 )Alo 31(1 1.86(2) 

2. Lii 63(Zn»AI|_K)3 37 

(g) Li|.63Zni,ooAl2.37 2.148 14.135(3) LiZn(t) + LiAI(t) + Al(t) Lii 63Zno 8l(l)Al2 56(1) (6) 2.19(1) 

(b) Li).63Zni.22Al2.i5 2.104 13.966(5) NA Li| 63Zn| 42(1>AIi 95(1) (7) 2.06(1) 

(i) Li|.63Zni.soAI| 87 2.048 13.947(2) NA Lii 63Zni 59(1 )Ali 78(1) (8) 2.03(1) 

0) Li1.63Zn2.25Al1.17 1.928 13.933(4) Zn(t) Li 163Zn 177( 1 )A1160( 1 > (9) 1.99(1) 

* From Guinier powder patterns, m= minor phase, tr = trace amounts. 
** From Guinier powder X-ray diflractions. 

'Ref31. 

** From single crystal refimenets. 
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Tabic 3a. Crysullogriphic data for five quaternary samples: LiiM(i)Mgo.63<2)Zni^i>Al2.i4(i) (1). 
Li|.oo(i)MgoA9(i)Zni.42(i)AI|.w(i) (2), Li|.oi(i)Mgo^i)Zni.3i(i)Al2.o6(i) (3), Li i.o3(i)Mgo.M(i)Zni.7a(3>AI 1.59(3) (4), and 
Lio.7K2)Mgojs(2)Zn2.47(i>Alo.94(i) (5) from single crystal X-ray dif&action. 

Identification code (1) (2) (3) (4) (5) 

Foimula weigfit 160.16 167.63 163.26 181.51 211.44 

Space group. Z /ifiJ.32 /mJ,32 /mJ,32 /mJ,32 Im3»32 

a (A)' 14.073(3) 14.088(3) 14.096(5) 13.993(5) 13.933(2) 

V. A' 2787.1(5) 2807.0(4) 2801.8(7) 2806.2(6) 2699.3(8) 

X(MoKa), A 0.71073 0.71073 0.71073 0.71073 0.71073 

Temp, K 293(2) 293(2) 293(2) 293(2) 293(2) 

H,cm'' 8.893 10.116 9.416 12.501 17.478 

daie(g/cm^) 3.040 3.173 3.0% 3.437 4.162 

Rl,wR2[I>2o(I)]'' 0.0224,0.0307 0.0194,0.0348 0.0169,0.0295 0.0157,0.0385 0.0240,0.0498 

Rl,wR2 (all data)" 0.0381,0.0322 0.0272,0.0360 0.0229,0.0305 0.0178,0.0391 0.0304, 0.0517 

'From Guinier powder patterns (298(2) K ). 



www.manaraa.com

Tabic 3b. Ciystallographic data for four quaternary samples; LiiA3Znoj|(i)Al2j«(i) (6), 
Li|j63Zni.42<i)AI|.95(i) (7), Li|.63Zni.39(i)AI|.7a(i) (8), and Li|.«3Zni.77(i)AI|.60(i) (9) from single crystal X 
ray diffraction. 

Identification code w (7) {«) (9) 

Formula weight 133.53 157.22 163.76 179.37 

Space group ,Z /mJ.32 /mJ,32 /mJ,32 /mJ,32 

a (Ay 14.135(3) 13.966(5) 13.947(2) 13.933(4) 

V. A' 2759.4(10) 2721.1(5) 2717.3(6) 2704.4(5) 

X(MoKa), A 0.71073 0.71073 0.71073 0.71073 

Tenq), K 293(2) 293(2) 293(2) 293(2) 

mem' 6.206 10.381 11.525 12.727 

dciic(g/cm^) 2.571 3.070 3.202 3.347 

Rl.wR2n>2o(I)l'' 0.0247,0.0376 0.0199,0.0367 0.0262,0.0453 0.0176,0.0306 

Rl.wR2(alldaU)'' 0.0429,0.0395 0.0277,0.0374 0.0421,0.0474 0.0262,0.0314 

'From Guinier powder patterns (298(2) K). 
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Supplementary Materials 

Appendix 1. 

I. Analysis ofGuinier Powder X-ray Diffraction Film of "(a)Lio.88Mgo75Zni uAlz 24' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Lii oo(i)Mgo.63(2)Zni.23(i)Al2.i4(i)(l) 

Space group /w J 
a 14.073(3) 
y(A^) 2787.4(9) 
Error of fit 3.813 

Refl # h k 1 j i sin^xlO^ dcalc. 20 calc. 20 corr. diff. 
1 2 1 1 24 258.5 18 5.7454 15.42 15.38 0.04 
2 2 2 0 12 188.4 24 4.9757 17.83 17.78 0.04 
3 1 3 0 12 538.7 30.01 4.4504 19.95 19.92 0.03 
4 2 2 2 8 133.5 36.01 4.0626 21.88 21.84 0.04 
5 2 3 1 24 82 42.01 3.7613 23.65 23.58 0.08 
6 3 3 0 12 81.1 54.01 3.3171 26.88 26.81 0.06 
7 5 2 1 24 37 90.02 2.5694 34.92 34.89 0.03 
8 3 5 0 12 132.5 102.02 2.4136 37.25 37.22 0.03 
9 6 0 0 6 381.7 108.02 2.3456 38.38 38.36 0.02 

10 5 3 2 24 3.5 114.02 2.283 39.47 39.5 -0.03 
11 3 6 1 24 896.4 138.03 2.075 43.62 43.64 -0.02 
12 4 5 3 24 569.5 150.03 1.9903 45.58 45.56 0.02 
13 6 4 0 12 190.6 156.03 1.9516 46.53 46.52 0.01 
14 7 2 1 24 35.1 162.03 1.9151 47.47 47.48 0 
15 5 6 1 24 43.1 186.03 1.7873 51.1 51.09 0.01 
16 7 4 1 24 74.2 198.04 1.7323 52.85 52.83 0.02 
17 8 2 2 24 38.3 216.04 1.6586 55.39 55.39 0 
18 5 8 3 24 370.5 294.05 1.4216 65.68 65.73 -0.05 
19 10 0 0 6 81 300.05 1.4073 66.43 66.45 -0.03 
20 9 5 0 12 57.3 318.06 1.3669 68.66 68.72 -0.06 
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Appendix 1. (Continued) 

II. Analysis of Guinier Powder X-ray Diffraction Film of "(b)Lio 88Mgo.75Zni 13AI2.24" 

• Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Li|,oo(i)Mgo 63(i)Zni 42(i>Al| 96(i) (2) 

Space group /mJ 
a 14.088(3) 
KA^) 2796(1) 
Error of fit 4.543 

Refl# h k 1 J I sin'xlO"' d calc. 20 calc. 20 corr. diff. 
1 2 1 1 24 258.3 17.97 5.7514 15.41 15.34 0.06 
2 2 2 0 12 188.3 23.95 4.9809 17.81 17.83 -0.02 
3 1 3 0 12 538.3 29.94 4.455 19.93 19.9 0.03 
4 2 2 2 8 133.5 35.93 4.0669 21.85 21.83 0.02 
5 2 3 1 24 81.9 41.92 3.7652 23.63 23.55 0.08 
6 3 3 0 12 81.1 53.9 3.3206 26.85 26.81 0.03 
7 5 2 1 24 37 89.83 2.5721 34.88 34.91 -0.03 
8 3 5 0 12 132.4 101.81 2.4161 37.21 37.26 -0.05 
9 6 0 0 6 381.7 107.79 2.348 38.33 38.24 0.09 

10 5 3 2 24 3.5 113.78 2.2854 39.43 39.42 0.01 
11 3 6 1 24 896.6 137.74 2.0772 43.57 43.58 -0.01 
12 4 5 3 24 569.6 149.71 1.9924 45.53 45.48 0.05 
13 6 4 0 12 190.6 155.7 1.9537 46.48 46.41 0.07 
14 7 2 1 24 35.1 161.69 1.9171 47.42 47.42 0 
15 5 6 1 24 43.1 185.64 1.7892 51.04 51.05 0 
16 7 4 I 24 74.3 197.62 1.7341 52.79 52.8 -0.01 
17 8 2 2 24 38.3 215.59 1.6603 55.33 55.34 -0.01 
18 5 8 3 24 370.6 293.44 1.4231 65.6 65.61 -0.01 
19 10 0 0 6 81 299.43 1.4088 66.35 66.38 -0.03 
20 9 5 0 12 57.3 317.39 1.3684 68.58 68.65 -0.07 
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Appendix 1. (Continued) 

III. Analysis of Guinier Powder X-ray Difiraction Film of "(c)Lio.63Mgi ooZni 22AI2.1S' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Lit 0i(i)Mg0,62(i)Zni.3i(i)Al2 06(i) (3) 

Space group jmS 
a 14.096(3) 
I'XA^) 2801(1) 
Error of fit 4.856 

Refl# h 1 k 1 J I sin'xlO^ d calc. 26 calc. 26 corr. diff. 
I 1 1 0 12 483.1 5.98 9.9672 8.87 8.84 0.03 
2 2 1 1 24 258.2 17.95 5.7546 15.4 15.39 0.01 
3 3 1 0 12 35.2 29.91 4.4575 19.92 19.94 -0.02 
4 2 3 1 24 81.9 41.87 3.7673 23.62 23.56 0.05 
5 3 3 0 12 81.1 53.84 3.3224 26.83 26.97 -0.14 
6 3 5 0 12 132.4 101.69 2.4174 37.19 37.19 0 
7 6 0 0 6 381.7 107.68 2.3493 38.31 38.25 0.06 
8 5 3 2 24 3.5 113.66 2.2866 39.4 39.38 0.02 
9 6 3 1 24 0.9 137.59 2.0783 43.55 43.51 0.03 

10 5 4 3 24 118.9 149.55 1.9934 45.5 45.47 0.04 
11 4 6 0 12 28.6 155.53 1.9547 46.45 46.43 0.03 
12 7 2 1 24 35.1 161.51 1.9182 47.39 47.41 -0.01 
13 5 6 1 24 43.1 185.44 1.7902 51.02 51.02 -0.01 
14 5 8 3 24 370.7 293.12 1.4239 65.56 65.56 0 
15 10 0 0 6 81.1 299.1 1.4096 66.31 66.29 0.02 
16 9 5 0 12 57.3 317.05 1.3691 68.54 68.61 -0.07 
17 9 5 2 24 104.6 329.01 1.344 70 70.01 0 
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Appendix 1. (Continued) 

IV. Analysis of Guinier Powder X-ray Diffraction Film of "(d)Lii ooMgo esZni 22AI2.15' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Lii o3(i)Mgo.60(i)Zni.78(3)Ali 59(3) (4) 

Space group /m J 
a 13.933(3) 
F(A^) 2705(1) 
Error of fit 4.991 

Refl # h k 1 J I sin*xlO dcalc. 26calc. 20corr. difT. 
1 1 1 0 12 326.7 6.12 9.8521 8.98 9.06 -0.08 
2 2 1 1 24 225.8 18.37 5.6881 15.58 15.67 -0.1 
3 2 2 0 12 91.7 24.49 4.9261 18.01 18.11 -0.1 
4 3 1 0 12 526.5 30.61 4.406 20.15 20.2 -0.04 
5 2 2 2 8 130.4 36.74 4.0221 22.1 22.14 -0.04 
6 2 3 1 24 343.6 42.86 3.7238 23.9 23.91 -0.01 
7 4 0 0 6 90.4 48.98 3.4833 25.57 25.57 0 
8 3 3 0 12 90.4 55.1 3.284 27.15 27.07 0.08 
9 3 5 0 12 444.8 104.08 2.3895 37.64 37.7 -0.05 

10 6 0 0 6 399.5 110.21 2.3222 38.78 38.8 -0.02 
11 5 3 2 24 893.3 116.33 2.2602 39.88 39.9 -0.02 
12 6 3 1 24 1000 140.82 2.0543 44.08 44.07 0.01 
13 5 4 3 24 574.2 153.06 1.9704 46.06 46.08 -0.01 
14 4 6 0 12 202.2 159.19 1.9322 47.03 47.04 -0.01 
15 7 2 1 24 47.1 165.31 1.896 47.98 48.01 -0.03 
16 5 6 1 24 75.6 189.8 1.7695 51.65 51.67 -0.02 
17 4 7 1 24 43.6 202.05 1.715 53.42 53.43 -0.01 
18 5 8 3 24 7.2 300.01 1.4074 66.42 66.42 0 
19 10 0 0 6 89.5 306.13 1.3933 67.19 67.16 0.03 
20 10 2 0 12 0.7 318.37 1.3662 68.7 68.72 -0.02 
21 9 5 0 12 44.6 324.5 1.3533 69.45 69.38 0.07 
22 9 5 2 24 1.2 336.74 1.3285 70.94 70.88 0.06 
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Appendix 1. (Continued) 

V. Analysis of Guinier Powder X-ray Diffhiction Film of "(e) Lio.bsMgi ooZn: 66AI0 71' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.S4I80 A 
- Single Crystal data Lio,78(2)Mgo.g5(2)Zn2.47(i A'o.94(i) (5) 

Space group Iml 
a 13.992(3) 
P'(A^) 2740(1) 
Error of fit 5.445 

Refl# h k 1 J I sin'xlO' d calc. 26 calc. 20 corr. diff. 
1 2 1 1 24 259.8 18.21 5.7124 15.51 15.66 -0.15 
2 2 2 0 12 189.1 24.28 4.9471 17.93 18 -0.07 
3 3 1 0 12 35.5 30.35 4.4248 20.07 20.14 -0.07 
4 2 2 2 8 134 36.42 4.0393 22 22.09 -0.09 
5 2 3 1 24 82.2 42.49 3.7396 23.79 23.81 -0.02 
6 4 0 0 6 105.8 48.57 3.4981 25.46 25.49 -0.03 
7 3 3 0 12 81.3 54.64 3.2981 27.04 27.07 -0.03 
8 3 5 0 12 132.5 103.2 2.3997 37.48 37.43 0.05 
9 6 0 0 6 381.8 109.27 2.3321 38.61 38.63 -0.02 

10 5 3 2 24 3.5 115.34 2.2699 39.71 39.73 -0.02 
11 6 3 1 24 0.9 139.63 2.0631 43.88 43.9 -0.02 
12 5 4 3 24 118.7 151.77 1.9788 45.86 45.87 -0.01 
13 4 6 0 12 28.5 157.84 1.9404 46.82 46.85 -0.04 
14 7 2 1 24 35 163.91 1.9041 47.76 47.73 0.04 
15 5 6 1 24 43 188.19 1.777 51.42 51.37 0.05 
16 4 7 I 24 15.6 200.33 1.7224 53.18 53.2 -0.02 
17 5 8 3 24 370.1 297.46 1.4135 66.1 66.06 0.04 
18 10 0 0 6 80.9 303.53 1.3992 66.86 66.8 0.06 
19 10 2 0 12 33.4 315.68 1.3721 68.37 68.33 0.04 
20 9 5 0 12 57.2 321.75 1.3591 69.11 69.13 -0.01 
21 9 5 2 24 104.5 333.89 1.3341 70.6 70.6 -0.01 
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Appendix I. (Continued) 

VI. Analysis ofGuinier Powder X-ray Diffraction Film of"(g) Lii ejZni 00AI237' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Lii 63Zno,8i(i)Al2 56(i) (6) 

Space group /ml 
a 14.135(3) 
F(A^) 2824(1) 
Error of fit 3.502 

Refl # h k 1 j i sin^xlO^ d calc. 20 calc. 20 corr. diff. 
1 2 1 1 24 379.8 17.85 5.7705 15.35 15.39 -0.04 
2 3 1 0 12 605.3 29.75 4.4698 19.86 19.92 -0.05 
3 2 3 1 24 493.2 41.64 3.7776 23.55 23.6 -0.05 
4 4 0 0 6 97.2 47.59 3.5337 25.2 25.19 0.01 
5 3 3 0 12 101.1 53.54 3.3316 26.76 26.78 -0.02 
6 3 5 0 12 326.7 101.14 2.4241 37.09 37.1 -O.Ol 
7 6 0 0 6 354.2 107.08 2.3558 38.2 38.19 0.01 
8 5 3 2 24 762.9 113.03 2.2929 39.29 39.29 0 
9 6 3 1 24 1000 136.83 2.084 43.42 43.43 -0.01 

10 5 4 3 24 573.9 148.73 1.9989 45.37 45.36 0.01 
11 4 6 0 12 191.6 154.68 1.9601 46.32 46.36 -0.04 
12 7 2 1 24 57.8 160.63 1.9235 47.25 47.27 -0.01 
13 5 6 1 24 92.9 184.42 1.7951 50.86 50.8 0.06 
14 4 7 I 24 57.6 196.32 1.7399 52.6 52.54 0.06 
15 8 5 3 24 285.5 291.51 1.4278 65.36 65.38 -0.02 
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Appendix 1. (Continued) 

VII. Analysis ofGuinier Powder X-ray Diffraction Film of "(h) Lii esZni 22AI215' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Li| esZni 42(i)Ali 95(i)(7) 

Space group iml 
a 13.966(5) 
K(A^) 2724(2) 
Error of fit 6.944 

Refl# h k 1 J I sin^xlO^ d calc. 26 calc. 20 corr. diff. 
1 2 1 I 24 383.8 18.28 5.7017 15.54 15.65 -0.11 
2 3 1 0 12 610.6 30.47 4.4165 20.1 20.16 -0.06 
3 2 3 1 24 497.1 42.65 3.7326 23.84 23.87 -0.03 
4 3 3 0 12 101.7 54.84 3.2919 27.09 27.1 -0.02 
5 3 5 0 12 327.4 103.59 2.3952 37.55 37.56 -0.01 
6 6 0 0 6 354.8 109.68 2.3277 38.68 38.67 0.01 
7 5 3 2 24 763.9 115.78 2.2656 39.79 39.81 -0.03 
8 6 3 1 24 1000 140.15 2.0592 43.97 43.76 0.21 
9 5 4 3 24 573.6 152.34 1.9751 45.95 45.96 -0.02 

10 4 6 0 12 191.4 158.43 1.9368 46.91 46.91 0 
11 7 2 1 24 57.8 164.52 1.9006 47.86 47.87 -0.01 
12 5 6 1 24 92.7 188.9 1.7737 51.52 51.56 -0.04 
13 8 5 3 24 285.3 298.58 1.4108 66.24 66.22 0.03 
14 5 9 0 12 42.7 322.95 1.3565 69.26 69.26 0 
15 5 9 2 24 109.9 335.14 1.3316 70.75 70.8 -0.05 
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Appendix 1. (Continued) 

VIII. Analysis of Guinier Powder X-ray Diflraction Film of "(i) Lii asZni 50AI1 g?' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Lii ejZni 59(i)Ali 78(i) (8) 

Space group 

F(A^) 
Error of fit 

ImJ 
13.947(2) 

2712.7(8) 
3.271 

Refl# h k 1 J I sin^xlO^ d calc. 28 calc. 20 corr. diff. 
1 2 1 1 24 384.2 18.33 5.6936 15.56 15.5 0.06 
2 3 1 0 12 611.2 30.55 4.4103 20.13 20.08 0.05 
3 2 3 1 24 497.5 42.78 3.7274 23.87 23.81 0.06 
4 3 3 0 12 101.8 55 3.2872 27.13 27.13 0 
5 2 4 0 12 129.3 61.11 3.1185 28.62 28.61 0.02 
6 3 5 0 12 327.5 103.88 2.3918 37.61 37.59 0.02 
7 6 0 0 6 354.9 109.99 2.3244 38.74 38.69 0.04 
8 5 3 2 24 764.1 116.1 2.2624 39.84 39.82 0.02 
9 5 4 1 24 40.1 128.33 2.152 41.98 42.01 -0.02 

10 6 3 1 24 1000 140.55 2.0563 44.04 44.03 0.01 
11 5 4 3 24 573.5 152.77 1.9723 46.02 46.03 -0.01 
12 4 6 0 12 191.4 158.88 1.934 46.98 46.99 -0.01 
13 4 6 2 24 31.5 171.1 1.8637 48.87 48.87 -0.01 
14 5 6 1 24 92.7 189.43 1.7712 51.6 51.59 0.01 
15 4 7 1 24 57.4 201.65 1.7167 53.37 53.39 -0.03 
16 5 6 3 24 69.1 213.88 1.6669 55.09 55.12 -0.02 
17 4 7 3 24 18 226.1 1.6212 56.78 56.77 0.01 
18 8 5 3 24 285.3 299.43 1.4088 66.35 66.4 -0.05 



www.manaraa.com

132 

Appendix 1. (Continued) 

IX. Analysis of Guinier Powder X-ray Diffraction Film of "(j) Lii 63Zn225Ali n' 

- Input reflections were corrected by interpolation of Si Lines 
- Wavelength used is 1.54180 A 
- Single Crystal data Lii 63Zn 1.77(1 )Ali 50(i) (') 

Space group jml 
a 13.938(4) 
F(A^) 2708(1) 
Error of fit 4.524 

Refl# h k 1 J I sin^xlO' d calc. 20 calc. 20 corr. diff. 
1 2 1 1 24 384.4 18.35 5.6903 15.57 15.66 -0.09 
2 3 1 0 12 611.5 30.59 4.4077 20.15 20.17 -0.03 
3 2 3 1 24 497.7 42.83 3.7251 23.89 23.93 -0.05 
4 3 5 0 12 327.5 104.01 2.3904 37.63 37.61 0.02 
5 6 0 0 6 354.9 110.12 2.323 38.76 38.78 -0.02 
6 5 3 2 24 764.1 116.24 2.2611 39.87 39.89 -0.02 
7 6 3 1 24 1000 140.71 2.0551 44.06 44.05 0.01 
8 5 4 3 24 573.5 152.95 1.9712 46.04 46.11 -0.06 
9 7 2 1 24 57.7 165.19 1.8968 47.96 47.96 0.01 

10 5 6 1 24 92.7 189.66 1.7702 51.63 51.59 0.04 
11 8 5 3 24 285.3 299.78 1.408 66.39 66.35 0.05 
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Appcadii 2. (a) CrysUllographic data for three samples of Lii.oo(i)MgoA3(2)Zni^i)Al2.i4(i) (I), Li|.oo(i)Mgo.63<i)Zni.42(i)Ali.96(i) 
(2), Li|^i(i)MgoA2(i)Zni ji(i)Al2.(M(i) (3), Li|.o3<i)MgoM(i)Zni.7a(3)AI|j9(3) (4), and Lio.7i(2)Mgojs(2)Zn2.47(i>Alo.^i) (5) fixMn single 
crystal X-ray diffiraction. 

Identification code (1) (2) (3) (4) (5) 
Ciystal size ( mm^) 0.19x0.12x 0.10 0.12x 0.21x0.20 0.33x 0.29x 0.19 0.40x 40x 33 0.30x 0.27x 0.14 
Formula weight 160.16 167.63 163.26 181.51 211.44 
Crystal system Cubic (no. 204) Cubic (no. 204) Cubic (no. 204) Cubic (no. 204) Cubic (no. 204) 
a(A)' 14.073(3) 14.088(3) 14.096(5) 13.993(5) 13.933(2) 
V. A' 2787.1(5) 2807.0(4) 2801.8(7) 2806.2(6) 2699.3(8) 
Space group, Z Im3,32 /wJ,32 /mJ,32 /otJ,32 /m3,32 
d«ic(g/cm^) 3.040 3.173 3.096 3.437 4.162 
MMoKa). A 0.71073 0.71073 0.71073 0.71073 0.71073 
mem"' 8.893 10.116 9.416 12.501 17.478 
Temp,K 293(2) 293(2) 293(2) 293(2) 293(2) 
e.-.c') 28.24°. 28.21°. 29.52°. 29.16°. 29.23°. 
Extinction coefT 0.00030(2) 0.00025(3) 0.00018(3) 0.00026(4) 0.00015(4) 
no. ofRefhiscolld 2641 2559 5311 5242 5138 
no. of unique rcflns 645 (Ri = 0.03941 643 (Ri = 0.0270] 685 [Ri = 0.0318] 680 [Ri = 0.0225] 648 (Ri = 0.0263] 
Data 1 restraints / parameters 645 / 0 / 47 643/0/47 685 / 0 / 46 680/0/47 648 / 0 / 47 

Rl,wR2(I>2o(I)f 
RI,wR2(alldata)^ 

0.0224,0.0307 0.0194,0.0348 0.0169,0.0295 0.0157,0.0385 0.0240,0.0498 Rl,wR2(I>2o(I)f 
RI,wR2(alldata)^ 0.0381,0.0322 0.0272,0.0360 0.0229,0.0305 0.0178,0.0391 0.0304, 0.0517 
Goodness of fit (F^) 0.948 1.043 1.057 1.051 1.068 
(Ap) max, min (e/A^) 0.480, -0.553 0.287, -0.429 e 0.849,-0.283 0.492, -0.421 0.691,-0.554 

'From Guinier powder patterns (298(2) K ).'' RI = - |F^|^ wR2 = ) ]] ' 
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Appcadix 2. (Continued) 

(b). Ciystallographic daU for three sanq>les of LiiA3Znoji<i)Al2.5«(i) (6), Lii.63Zni.42(i)AI 1.95(1) (7), 
Liu3Ziii39(i>AI|.7a(i) (•), and LiiA3Zni.77(i)Ali.M(i) (9) from single crystal X-ray diffraction. 

Identification code («) (7) («) (9) 
Crystal size ( mm^) 0.30x 0.12x 0.11 0.34x 0.25x 0.19 0.20x 0.18x 0.10 0.31x0.24x 0.23 
Formula weight 133.53 157.22 163.76 179.37 
Crystal ^stem Cubic Cubic Cubic Cubic 
11(A)' 14.135(3) 13.966(5) 13.947(2) 13.933(4) 
V. A' 2759.4(10) 2721.1(5) 2717.3(6) 2704.4(5) 
Space group, Z /mJ,32 ImJ, 32 /mJ,32 Im3,32 
daic(g/cm^) 2.571 3.070 3.202 3.347 
X(MoKa), A 0.71073 0.71073 0.71073 0.71073 

6.206 10.381 11.525 12.727 
Tenq), K 293(2) 293(2) 293(2) 293(2) 
0««.C') 29.42®. 26.35°. 28.27°. 29.56°. 
Extinction coeff 0.00042(5) 0.00030(4) 0.00056(5) 0.00020(3) 
no. of Reffais colld 5041 2344 2520 5142 
no. of unique icflns 666 [Ri = 0.0526) 526 (Ri = 0.0305) 610 [Rj = 0.0426) 661 [R| = 0.0313) 
Data / restraints / parameters 666 / 0 / 47 526/0/46 610/0/47 661 /0/47 
Rl,wR2(I>2o(I)f 
Rl,wR2(alldata)^ 

0.0247,0.0376 0.0199,0.0367 0.0262,0.0453 0.0176,0.0306 Rl,wR2(I>2o(I)f 
Rl,wR2(alldata)^ 0.0429,0.0395 0.0277,0.0374 0.0421,0.0474 0.0262,0.0314 
Goodness of fit (F^) 1.042 1.087 1.062 1.028 
(Ap) max, min (e/A^) 0.436, -0.391 0.920, -0.357 1.143,-0.589 1.499,-0.387 

'From Guinier powder patterns (298(2) K ). 
11/2 

w = <T -2 
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Appendix 3. (a) Atomic coordinates and equivalent isotropic displacement parameters 

(A^) for (IH5). U(eq) is defmed as one third of the trace of the orthogonalized uU tensor. 

atom site x z U(eq) site occ. 
Lii owi l>Mg0 63(2)Zni 23(1 vAlz 14(1) (1) 
A1 12h 0.2014(7) 0.0000 0.5000 0.034(3) Li 1 
A2 16d 0.18742(15) 0.18742(15) 0.18742(15) 0.02(1) Mg 0.256(6) 

Li 0.74 
A3 24e 0.0000 0.30263(11) 0.12095(12) 0.0162(6) Mg 0.655(5) 

Li 0.34 
Ml 24c 0.0000 0.17632(4) 0.30982(4) 0.0131(2) Zn 0.432(4) 

A1 0.57 
M2 24b 0.0000 0.09344(4) 0.15265(4) 0.0107(2) Zn 0.515(4) 

A1 0.49 
M3 48f 0.15848(3) 0.18781(3) 0.40437(3) 0.0128(2) Zn 0.343(3) 

A1 0.66 
M4 12g 0.40457(10) 0.0000 0.5000 0.0169(5) A1 1 

Li 1 ow 1 )Mgo 63( 1 )Zn i ak i )A1 i ,96( i) (2) 
A1 12h 0.2011(5) 0.5000 0.0000 0.030(2) Li 1 
A2 16d 0.18734(12) 0.18734(12) 0.18734(12) 0.019(1) Mg 0.236(5) 

Li 0.76 
A3 24e 0.12071(9) 0.30270(9) 0.0000 0.0177(5) Mg 0.604(4) 

Li 0.40 
Ml 24c 0.30930(3) 0.17663(3) 0.0000 0.0150(2) Zn 0.459(3) 

A1 0.54 
M2 24b 0.15269(3) 0.09342(3) 0.0000 0.0125(2) Zn 0.517(3) 

A1 0.48 
M3 48f 0.31143(3) 0.34175(3) 0.09561(3) 0.0143(1) Zn 0.333(3) 

A1 0.67 
M4 12g 0.40400(8) 0.5000 0.0000 0.0180(4) A1 1 

Lii 01(1 )Mgo,62(i)Zni 3ui)Al2.06<n (3) 
A1 12h 0.2003(4) 0.0000 0.5000 0.027(1) Li 1.00 
A2 16d 0.18719(9) 0.18719(9) 0.18719(9) 0.0210(8) Mg 0.279(4) 

Li 0.72 
A3 24e 0.0000 0.30277(7) 0.12050(7) 0.0171(4) Mg 0.635(4) 

Li 0.36 
Ml 24c 0.0000 0.17725(3) 0.30894(2) 0.0131(1) Zn 0.479(3) 

A1 0.52 
M2 24b 0.0000 0.09352(2) 0.15271(2) 0.0104(1) Zn 0.537(3) 

A1 0.46 
M3 48f 0.157956(19) 0.18924(2) 0.40442(2) 0.0127(1) Zn 0.365(2) 

A1 0.64 
M4 12g 0.40359(6) 0.0000 0.5000 0.0170(3) A1 1.00 
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Appendix 3. (a) (Continued) 

atom site X  y z  U(eq) site occ. 
Lii 03(1 )Mgo 60(1 )Zni 1 7g(3)Al|,j9(3) (4) 
Al I2h 0.0000 0.5000 0.2990(4) 0.0175(15) Li 1.00 
A2 16d 0.18724(11) 0.18724(11) 0.18724(11) 0.0238(9) Mg 0.254(7) 

Li 0.75 
A3 24e 0.12036(8) 0.30283(8) 0.0000 0.0170(4) Mg 0.63(1) 

Li 0.37 
Ml 24c 0.0000 0.30889(2) 0.17725(2) 0.0133(1) Zn 0.68( 1 )  

Al 0.32 
M2 24b 0.0000 0.15269(2) 0.09351(2) 0.0106(1) Zn 0.66(1) 

Al 0.34 
M3 48f 0.095337(18) 0.31003(2) 0.34231(2) 0.0129(1) Zn 0.50(1) 

Al 0.50 
M4 I2g 0.0000 0.5000 0.09666(6) 0.0164(3) Zn 0.100(7) 

Al 0.90 

L i o 7 8  (2>Mgo 85(2)Zn2 47(1 >Alo 94(1) (5) 
Al 12h 0.0000 0.2032 0.5000 0.012(2) Li 1 
A2 16d 0.1876(1) 0.1876(1) 0.1876(1) 0.018(1) Mg 0.48(1) 

Li 0.52 
A3 24e 0.0000 0.11907(11) 0.30387(11) 0.0165(6) Mg 0.81(2) 

Li 0.19 
MO 2a 0.0000 0.0000 0.0000 0.015 Zn 0.077(5) 
Ml 24c 0.0000 0.31252(4) 0.17814(4) 0.0131(2) Zn 0.74(2) 

Al 0.26 
M2 24b 0.0000 0.15441(3) 0.09441(3) 0.0117(2) Zn 0.83(2) 

Al 0.17 
M3 48f 0.09439(3) 0.31230(3) 0.34192(3) 0.0135(2) Zn 0.82(2) 

Al 0.18 
M4 12g 0.0000 0.40690(9) 0.5000 0.0143(4) Zn 0.14(1) 

Al 0.86 
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Appendix 3. (Continued) 

(b) Atomic coordinates and equivalent isotropic displacement parameters (A^) for (6)~(9). 

U(eq) is defmed as one third of the trace of the orthogonalized U'J tensor. 

atom site X y z U(eq) site occ 
Li| 63Zno 8i(i)Al2 5W1)(6) 
Al 12h lo.oooo 0.5000 0.3018(6) 0.036(2) Li 1 
A2 16d 0.1872(3) 0.1872(3) 0.1872(3) 0.035(2) Li 1 
A3 24c 0.1201(4) 0.3028(4) 0.0000 0.031(2) Li 1 
Ml 24c 0.0000 0.31123(4) 0.17589(4) 0.0148(2) Zn 0.425(3) 

Al 0.58 
M2 24b 0.0000 0.15348(4) 0.09373(5) 0.0128(2) Zn 0.201(2) 

Al 0.80 
M3 48f 0.09428(3) 0.30950(3) 0.34213(3) 0.0143(2) Zn 0.229(3) 

Al 0.77 
M4 12g 0.40400(8) 0.5000 0.0000 0.0180(4) Al 1 

Li 1 bjZn 142< 1 )A1195( n (7) 
Al 12h 0.0000 0.2001(8) 0.5000 0.031(3) Li 1 
A2 16d 0.1880(4) 0.1880(4) 0.1880(4) 0.034(2) Li 1 
A3 24e 0.0000 0.1176(5) 0.3028(6) 0.031(2) Li 1 
Ml 24c 0.0000 0.31271(5) 0.17716(4) 0.0171(2) Zn 0.536(4) 

0.0000 0.31271(5) 0.17716(4) 0.0171(2) Al 0.46 
M2 24b 0.0000 0.15429(5) 0.09410(5) 0.0145(3) Zn 0.348(3) 

0.0000 0.15429(5) 0.09410(5) 0.0145(3) Al 0.65 
M3 48f 0.09379(3) 0.30967(3) 0.34224(3) 0.0167(2) Zn 0.511(4) 

Al 0.49 
M4 12g 0.0000 0.4050(1) 0.5000 0.0144(6) Al 1 

Lii 63Zni 59(|)A1i 78(1) (8) 
Al 12h 10.0000 0.3007(9) 0.5000 0.026(3) Li 1 
A2 16d 0.1880(5) 0.1880(5) 0.1880(5) 0.027(3) Li 1 
A3 24e 0.0000 0.3020(7) 0.1172(6) 0.024(2) Li 1 
Ml 24c 0.0000 0.17741(5) 0.31301(6) 0.0132(3) Zn 0.560(5) 

0.0000 0.17741(5) 0.31301(6) 0.0132(3) Al 0.44 
M2 24b 0.0000 0.09407(6) 0.15450(6) 0.0119(3) Zn 0.403(4) 

0.0000 0.09407(6) 0.15450(6) 0.0119(3) Al 0.60 
M3 48f 0.09370(4) 0.34217(3) 0.30989(4) 0.0136(2) Zn 0.585(5) 

0.09370(4) 0.34217(3) 0.30989(4) 0.0136(2) Al 0.41 
M4 12g 0.0000 0.0950(1) 0.5000 0.0115(6) Al 1 
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Appendix 3. (b) (Continued) 

atom site U(eq) site occ. 
Li| 63Zn| 77(I)A1] 60(1) 

A1 
A2 
A3 
Ml 

12h 
16d 
24e 
24c 

|0.2002(5) 
0.1883(2) 
0.0000 
0.0000 

0.0000 
0.1883(2) 
0.3028(3) 
0.17754(3) 

M2 24b 0.0000 0.09428(3) 

M3 48f 0.157909(19) 0.18973(2) 

M4 12g 0.40525(8) 0.0000 

0.5000 0.023(2) 
0.1883(2) 0.023(1) 
0.1180(3) 0.019(1) 
0.31359(3) 0.0142(2) 

0.15464(3) 0.0121(2) 

0.40630(2) 0.0142(1) 

0.5000 0.0122(4) 

Li 1 
Li 1 
Li 1 
Zn 0.608(3) 
A1 0.39 
Zn 0.449(3) 
A1 0.55 
Zn 0.653(3) 
A) 0.35 
A1 1 
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Appendix 4. 

(a) Anisotropic displacement parameters (A^x 10^) for (1) - (5) from X-ray single crystal 
data. The anisotropic displacement factor exponent takes the form; 
-27t-[h-a*Uii + ... + 2hkabU,2] 

Un U22 U33 U23 U,3 U,2 

Li 1 00(1 >Mgo 63(2>Zni.23(1 )Al2 i 4 ( n ( l )  

A1 12e 37(6) 39(6) 28(6) 0 0 0 
A2 16f 20(1) 20(1) 20(1) -KU -un -1(1) 
A3 24g 15(1) 18(1) 16(1) -3(1) 0 0 
Ml 24g 12(1) 14(1) 13(1) -3(1) 0 0 
M2 24g 12(1) 10(1) 10(1) 0(1) 0 0 
M3 48h 11(1) 15(1) 12(1) 1(1) -1(1) 2(1) 
M4 12g 17(1) 18(1) 16(1) 0 0 0 
Lii oo(i)Mgo63(i)Zni 42(i>Ali.96(n (2) 
A1 12e 27(4) 24(4) 40(5) 0 0 0 
A2 16f 19(1) 19(1) 19(1) -2(1) -2(1) -2(1) 
A3 24g 19(1) 18(1) 16(1) 0 0 -3(1) 
Ml 24g 15(1) 16(1) 14(1) 0 0 -3(1) 
M2 24g 12(1) 12(1) 13(1) 0 0 -1(1) 
M3 48h 17(1) 13(1) 14(1) -2(1) 0(1) 2(1) 
M4 12g 17(1) 17(1) 20(1) 0 0 0 
Li 101  (1 )Mgo62r 1 )Zni 3uivAb. 06(1) (3) 
A1 12e 19(3) 33(3) 29(3) 0 0 0 
A2 16f 21(1) 21(1) 21(1) -1(1) -1(1) -1(1) 
A3 24g 16(1) 18(1) 18(1) -5(1) 0 0 
Ml 24g 13(1) 14(1) 13(1) -3(1) 0 0 
M2 24g 11(1) 10(1) 10(1) -1(1) 0 0 
M3 4Sh 11(1) 15(1) 12(1) 1(1) -1(1) 1(1) 
M4 I2g 15(1) 20(1) 15(1) 0 0 0 
Lil 03(1 )Mgo.«HI)Zni ,78(3)AI|.59(3) (4) 
A1 12c 17(3) 26(3) 10(2) 0 0 0 
A2 16f 24(1) 24(1) 24(1) -1(1) -1(1) -1(1) 
A3 24g 17(1) 18(1) 16(1) 0 0 -5(1) 
Ml 24g 13(1) 13(1) 14(1) -3(1) 0 0 
M2 24g 11(1) 10(1) 10(1) -1(1) 0 0 
M3 48h 12(1) 15(1) 11(1) 2(1) -1(1) 1(1) 
M4 12g 15(1) 19(1) 15(1) 0 0 0 
Lio.78(2>Mgo.85(2>Zn2.47( 1 >AIo, 94(1) (5) 
A1 12c 9(4) 17(5) 9(4) 0 0 0 
A2 16f 18(1) 18(1) 18(1) -2(1) -2(1) -2(1) 
A3 24g 14(1) 18(1) 17(1) -4(1) 0 0 
Ml 24g 12(1) 14(1) 13(1) -3(1) 0 0 
M2 24g 12(1) 11(1) 12(1) -1(1) 0 0 
M3 48h 13(1) 16(1) 12(1) 2(1) -2(1) 0(1) 
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Appendix 4. (Continued) 

_M4 12g 19(1) 10(1) 15(1) 0 g 0 

(b) Anisotropic displacement parameters (A'x 10^) for (6) - (9) from X-ray single crystal 
data. The anisotropic displacement factor exponent takes the form: 
-27rVa^U| ,  +  . . .  +2hkabUi2]  

Un Un Un U,2 
Lii.63Zno.gi(i)Al2.j6(n (6) 
A1 12e 47(6) 32(5) 30(5) 0 0 0 
A2 16f 35(2) 35(2) 35(2) 0(2) 0(2) 0(2) 
A3 24g 33(4) 34(4) 27(3) 0 0 -7(3) 
Ml 24g 14(1) 15(1) 15(1) -4(1) 0 0 
M2 24g 14(1) 12(1) 13(1) -1(1) 0 0 
M3 48h 13(1) 17(1) 13(1) 3(1) -1(1) 1(1) 
M4 12g 14(1) 19(1) 12(1) 0 0 0 

Li 1 bsZni 42f 1A11.9S( i > (7) 
A1 12e 27(6) 28(6) 37(6) 0 0 0 
A2 16f 34(2) 34(2) 34(2) -5(3) -5(3) -5(3) 
A3 24g 29(4) 30(4) 33(4) -15(4) 0 0 
Ml 24g 17(1) 18(1) 17(1) -4(1) 0 0 
M2 24g 16(1) 13(1) 14(1) -1(1) 0 0 
M3 48h 16(1) 20(1) 15(1) 2(1) -2(1) 1(1) 
M4 12g 16(1) 12(1) 16(1) 0 0 0 

Li 163Zni 59( 1 >Ali .78( 1) (8) 
A1 12e 25(7) 22(7) 33(8) 0 0 0 
A2 16f 27(3) 27(3) 27(3) 2(3) 2(3) 2(3) 
A3 24g 22(5) 34(5) 16(5) -8(4) 0 0 
Ml 24g 13(1) 13(1) 14(1) -3(1) 0 0 
M2 24g 13(1) 13(1) 10(1) -1(1) 0 0 
M3 48h 13(1) 12(1) 16(1) 2(1) 1(1) -2(1) 
M4 48h 13(1) 8(1) 13(1) 0 0 0 

Li 163Zn 1.77n >A] 1 60f 1) (9) 
A1 12e 21(4) 24(4) 25(4) 0 0 0 
A2 16f 23(1) 23(1) 23(1) -3(2) -3(2) -3(2) 
A3 24g 18(3) 18(2) 21(3) -10(2) 0 0 
MI 24g 14(1) 14(1) 15(1) -3(1) 0 0 
M2 24g 14(1) 12(1) 11(1) -1(1) 0 0 
M3 48h 12(1) 17(1) 13(1) 1(1) -2(1) 2(1) 
M4 12g 9(1) 14(1) 13(1) 0 0 0 
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Appendix 5. 

(a) Bond lengths [A] for (1) - (5). 

( I )  (2) (3) (4) (5) 

A1 A3x2 3.004(4) 3.005(3) 3.000(2) 3.005(2) 2.9714(16) 

Mlx2 3.186(5) 3.196(4) 3.199(3) 3.196(3) 3.1121(8) 

M3x4 3.031(2) 3.037(4) 3.033(3) 3.020(3) 2.9797(6) 

M3x4 3.040(5) 3.0430(15) 3.0478(12) 3.0596(11) 2.9920(6) 

M4xl  2.863(10) 2.862(7) 2.866(6) 2.854(5) 2.8362(14) 

M4x2 3.141(9) 3.143(7) 3.134(5) 3.145(5) 3.0893(7) 

A2 A2 3.055(7) 3.062(6) 3.067(4) 3.066(5) 3.011(6) 

A3x3 3.1586(8) 3.2427(13) 3.1511(6) 3.1526(7) 3.1409(8) 

Mlx3 2.995(3) 3.1569(7) 2.9906(19) 2.993(2) 2.953(3) 

M2x3 3.0792(19) 2.996(2) 3.0771(12) 3.0763(14) 3.0524(16) 

M3x3 3.0846(19) 3.0795(15) 3.0901(12) 3.0952(14) 3.0634(16) 

M3x3 3.2388(17) 3.0893(15) 3.2408(11) 3.2439(12) 3.2176(15) 

A3 A3 3.409(3) 3.406(3) 3.397(2) 3.395(2) 3.316(3) 

Mlx2 3.0150(11) 3.0193(9) 3.0164(10) 3.0177(10) 2.9677(15) 

Mlxl  3.2022(18) 3.1999(15) 3.1919(12) 3.1951(12) 3.2125(18) 

M2xl  2.9818(17) 2.9864(14) 2.9846(11) 2.9874(12) 2.9576(17) 

M2x2 3.0177(15) 3.0190(13) 3.0228(8) 3.0232(8) 2.9858(11) 

M3x2 3.0564(10) 3.0594(13) 3.0524(11) 3.0455(11) 3.0219(10) 

M3x2 3.0627(16) 3.0682(8) 3.0740(7) 3.0856(7) 3.0408(16) 

M4x2 3.5286(17) 3.5327(13) 3.5305(11) 3.5321(12) 3.4476(17) 

MO M2 2.5200(6) 

Ml M2 2.5042(9) 2.5017(7) 2.4988(6) 2.4998(5) 2.4911(8) 

M3x2 2.6058(6) 2.6098(5) 2.6075(5) 2.6085(4) 2.5577(6) 

M3x2 2.6902(8) 2.6917(6) 2.6858(6) 2.6887(5) 2.6321(7) 

M4 2.9125(9) 2.9206(7) 2.9247(7) 2.9255(6) 2.8663(9) 

M2 2.6336(11) 2.6356(8) 2.6369(7) 2.6379(7) 2.6291(11) 

M2x4 2.6568(7) 2.6598(5) 2.6588(5) 2.6598(5) 2.6548(7) 

M3 M3x2 2.6766(5) 2.6776(4) 2.6752(5) 2.6781(4) 2.6284(8) 

M3 2.6954(10) 2.6973(7) 2.6950(7) 2.6895(6) 2.6618(6) 

M4 2.9154(9) 2.9167(7) 2.9133(6) 2.9134(6) 2.8821(8) 

M4 M4 2.690(3) 2.709(2) 2.7183(18) 2.7269(17) 2.593(3) 
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Appendix 5. (Continued) 

(b) Bond lengths [A] for (6) ~ (9). 

(6) (7) (8) (9) 

A1 A3x2 2.975(7) 2.984(5) 2.991(7) 2.976(6) 

Mlx2 3.183(5) 3.126(6) 3.126(7) 3.106(4) 

M3x4 3.015(5) 2.984(9) 2.992(11) 2.983(4) 

M3x4 3.0345(18) 3.021(2) 3.014(2) 3.0065(14) 

M4xl  2.899(9) 2.860(11) 2.872(13) 2.857(7) 

M4x2 3.083(8) 3.093(10) 3.080(11) 3.086(6) 

A2 A2 3.053(15) 2.997(18) 3.00(2) 2.976(12) 

A3x3 3.226(5) 3.229(6) 3.223(7) 3.223(4) 

Mlx3 3.1535(16) 3.1534(18) 3.154(2) 3.1548(12) 

M2x3 2.972(7) 2.972(8) 2.970(10) 2.970(5) 

M3x3 3.060(4) 3.041(4) 3.042(5) 3.035(3) 

M3x3 3.093(4) 3.075(5) 3.075(6) 3.066(3) 

A3 A3 3.368(12) 3.285(15) 3.270(17) 3.288(9) 

MIx2 2.989(3) 2.958(8) 2.947(10) 2.950(5) 

Mlxl  3.218(6) 3.239(8) 3.239(9) 3.236(5) 

M2xl  2.970(6) 2.953(7) 2.938(8) 2.948(4) 

M2x2 2.992(5) 3.034(7) 2.992(10) 2.976(6) 

M3x2 3.019(5) 3.034(7) 3.043(8) 3.030(4) 

M3x2 3.083(3) 3.229(6) 3.079(5) 3.062(2) 

M4x2 3.503(6) 3.470(7) 3.474(9) 3.463(5) 

Ml M2 2.4947(10) 2.4972(11) 2.4990(12) 2.5000(7) 

M3x2 2.5888(8) 2.5668(6) 2.5646(7) 2.5569(4) 

M3x2 2.6807(9) 2.6510(7) 2.6453(9) 2.6386(5) 

M4 2.8797(10) 2.8551(10) 2.8517(11) 2.8417(7) 

M2 M2 2.6292(14) 2.6274(15) 2.6255(18) 2.6272(10) 

M2x4 2.6580(9) 2.6593(9) 2.6612(10) 2.6598(6) 

M3 M3x2 2.6449(11) 2.6188(9) 2.6151(10) 2.6108(6) 

M3 2.6720(7) 2.6668(5) 2.6670(6) 2.6640(4) 

M4 2.9052(9) 2.8871(9) 2.8851(10) 2.8802(6) 

M4 M4 2.670(2) 2.654(3) 2.650(4) 2.640(2) 
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Appendix 6. The temperature-dependent magnetic susceptibility measurements for 
Lio ssMgo.TjZni i3Al2,24 (empty circle) and Lii esZni 50AI1 g? (filled circle). 

T .K 
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CHAPTER 5 

SITE-PREFERENCE STUDY OF TERNARY ALKALINE EARTH-ZINC-
ALUMINIDES SYSTEM FORMING STRUCTURAL VARIANTS Of BaAU 

A paper to be submitted to Inorg. Chem. 
Chi-Shen Lee and Gordon J. Miller 

Abstract 

A series of intermetallic compounds with BaAU-type structure (I4/mmm) in the 

AeZnxAU-x (Ae = Ca-Ba, 0<x<2) systems have been synthesized and characterized by single 

crystal X-ray analyses. Single phase of CaZnxAU-x exists when x ~ 2.0. The Sr- and 

BaZnxAUx phases exhibit a phase width of 0.0 < x < 2.0. The site preference for Zn and A1 

atoms is affected by the alkaline earth metal. 

Introduction 

The BaAU structure is a popular structure among solid state compounds: more than 

800 intermetallic compounds with this structure type have been reported to date.' Using the 

average valence electron number per atom (vec) as an index (e.g., the vec of BaAU is 

(3*4+2)/4 = 3.5, Ba is treated as electron donor), the BaAU-type intermetallic phases exist in 

the vec range between 2.75 and 3.5 eVatom when A1 is replaced by other main group metals.'' 

** Extensive theoretical studies have been done during the last decade to understand the 

electronic structure, chemical bonding, and physical properties for this particular structure.^'^' 

^ The BaAU structure features a body-centered tetragonal unit cell (space group I4/mmm, No. 

139). The Ba atoms occupy the comer and center positions and the AI atoms form a j [AU]^' 

network. The j [AU]^' net contains two independent sites: the M2 sites form two-dimensional 
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square nets and the Ml sites cap the square net alternatively above and below the plane (see 

Figure 1). 

When the j [AU]'" network contains two or more types of atoms on Ml and M2 sites, 

three different suiicture types were observed. These BaAU-type derivatives are shown in 

Q 
Figure 2 for ThCr2Si2 (W/mmm, ccntrosymmetric), CaBc2Ge2 (P4/nmm, 

noncenterosymmetric) and BaNiSns'" (I4mm, noncentrosymmetric), respectively. Previous 

theoretical studies based on a Mulliken population analyses suggest that elements with grater 

electronegativity prefer to occupy the Ml site (Ave coordinate) than the M2 sites (four 

coordinate).^'" However, the experimental results show some exceptions such as CaBe2Ge2, 

in which the Ge (more electronegative element) atoms occupy not only Ml but also M2 sites 

between two adjacent i[Be2Ge2]^' slabs.'^ '^ The factor(s) controlling the site preference of 

Ml and M2 sites in the BaAU structure attracted our attention during the investigation of the 

Ln-Au-Al system (Ln: rare earth elements)." A previous study in Eu-Au-Al system revealed 

a variant of BaAU-type compounds, EuAuo.vsAb 251 with space group of 14/mmm." Au and 

A1 atoms occupy Ml site (39% Au / 61% Al) and 100% AI on the M2 site. On the other 

hand, two noncentrosymmetric structure types were identified by powder X-ray diffraction 

studies from LnAu^AU-x compounds (x = 1.0-2.0, Ln = La-Tb); The BaNiSnj structure (space 

group I4mm) is observed at low x (1.0 < x < l.S) and the CaBe2Ge2 structure (space group 

P4/nmm) is formed when x is between 1.5 and 2.0. Therefore, the structure of LnAuxAU.. 

may be controlled by the relative mole ratio of Au to Al.'''° The structural studies also 

suggest that Au atoms avoid forming Au-Au contacts." 
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Based on the results from the ternary Ln-Au-Al studies, we decided to explore 

compounds with the BaAU structure type in alkaline earth (Ae)-zinc-aluminum system using 

single crystal X-ray analyses to elucidate the site preference of Ml and M2 as well as the 

efTect(s) of different alkaline earth elements. In this chapter, the investigations of ternary 

intcrmctallics, AeZn^Ali-K ( Ae = Mg-Ba, x =1-3), will be presented. 

Experimental 

Synthesis 

All materials were handled in an Ar-filled glovebox in which the concentration of O2 

is kept lower than 10 ppm. Starting materials were Mg turnings (Johnson-Matthey, 99.9 %), 

Ca turnings (Johnson-Matthey, 99.9 %), Sr rod (Johnson-Matthey, 99.9 %), Ba rod (Johnson-

Matthey, 99.9 %), Zn powder (Alfa, 99.9%), A1 ingot (Alfa, 99.9999%), and Al foil. Detailed 

procedures for reaction preparations were described in chapter 2. Stoichiometric amounts of 

alkaline earth, Zn and Al metals with total weight near 500 mg for each reaction are prepared 

based on the formula of AeZnxAU.* (Ae = Mg, Ca, Sr and Ba; x= 1.0, 2.0 and 3.0) in Ta 

containers (3/8 in. diameter). The weighing error for each elemental reagent is less than O.S 

% wt. Ta tubes were heated either in an evacuated sealed silica tube or under dynamic 

vacuum (pressure < 10'^ torr). For AeZn2Al2 reactions, the tubes were first heated to 850 

over 24 hours to melt each reagent, then cooled to 475 at the rate of 5 ''C/hour, annealed at 

475 "C for 4 weeks, and finally quickly cooled to room temperature. AeZnAh and AeZnjAI 

reactions were carried out by heating elemental mixtures at 850 °C for 6 hr, slowly cooled to 

400 "C at the rate of 5 °C/hr and finally cooled to room temperature. Quenching experiments 
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on AeZn2Al2 (Ae = Mg, Ca, Sr and Ba) were also carried out by putting the heated sample 

into liquid N2 and identifying phases by powder X-ray diffraction study. 

Products were opened in the Ar-filled glovebox. All products show brittle, silvery 

lustrous chunks of metal that are mildly air-sensitive (decomposed to metal oxides after 2 

weeks). X-ray powder patterns were obtained using an Enraf-Nonius Guinier camera (X = 

I.540S62 A) and silicon powder as internal standard. The identifled phases from powder X-

ray diffraction on each reaction are listed in Table 1. 

Structural Determination 

Needle-shaped crystals were selected from the crushed products in a glovebox and 

mounted on glass fibers for X-ray structural analyses. For each specimen, the crystal quality 

was first checked by a rotational photograph on a Siemens P4 or a Rigaku AFC6R 

diflhictometer with monochromated Mo Ka radiation (X= 0.71073A). The lattice constants 

were indexed from 20-30 reflections from diffraction points measured on the rotational photo 

or from a random search in the 26 range 25-^ 35°. At least two independent intensity data sets 

from product of AeZnxAU.^ reactions were collected using the a)-26 scan mode. Three 

standard reflections were checked every 100 reflections collected and used to calibrate the 

intensity data. Lorentz and polarization effects plus an absorption correction with the aid of 

the average of v|; scans of three reflections at difTerent 20 values were applied to each data 

collection. The space group was chosen on the basis of systematic absences, intensity 

statistics, the Wilson plot test, as well as the Hamilton test. The structures were solved by 

direct methods and refined by full-matrix least-squares refinement of with SHELXTL 

program (ver 5.12).'^''^ Some details of the data collection and refinement are listed in Table 
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2. The cell constants of each compound were calculated from powder X-ray diffraction 

patterns based on the reflned positional parameters of AZnxAU.x. 

Magnetic susceptibilities measurements: 

About 30 mg of powdered sample were packed to a sealed silica tube. Temperature-

dependent magnetic susceptibility measurements at fleld strength of 3 Tesla over the 

temperature range 6 - 300K were performed using a Quantum Design MPMS SQUID 

magnetometer. Data were corrected for the diamagnetic contributions of the constituent 

atomic cores and the sample holder.'^ 

Electronic Structure Calculation 

The theoretical investigations were performed using Extended-HUckel tight-binding 

band calculations on a hypothetical formula, [Zn^AU-x]^' (x = 0, 1, 2), with several model 

s t ruc tures  present ing  d i f fe rent  "color ings"  o f  Zn and A1 on  [ Z h x A U .* ]^ '  ne twork .The  

appropriate vec for [Zn2Al2]^' (vec = 3.0), [ZniAlj]^* (vec = 3.25) and [AU]^' (vec = 3.5) were 

used  to  ca lcu la ted  the  re la t ive  Mul l iken  popula t ions  and  to ta l  energ ies .^ 'Deta i led  

computational procedures were described in previous chapters. Atomic orbital parameters are 

as follows. Al: Hi,(3s) = -12.3 eV, Hii(3p) = -6.5 eV, i;(3s) = ;(3p) = 1.167), Zn: Hii(4s) = -

12.41 eV, Hj,(4p) = -6.53 eV, i;(4s) = 2.01, i;(4p) = 1.70. 

Results 

Structure Determination 

The site preferences of ternary AZn^AU., compounds were studied by changing the 

alkaline earth elements as well as the relative mole ratio of Zn to Al (Ae = Mg, Ca, Sr and 
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Ba, X = 1-3). The following results are separated into three parts for AeZnAb, AeZnzAh, and 

AeZnsAl reactions. 

1. AZnAlj (A = Ca-Ba): Reactions in the AZnAh system were carried out using Ca, Sr and 

Ba metals. X-ray powder diffhiction patterns indicate that only Sr and Ba reactions gave 

nearly pure phases of BaAU-type compounds (space group I4/mmm), whereas the products 

from the CaZnAh reactions contain mixtures of CaZn:, CaAl:, CaZna and BaAU-type 

compounds (CaZnxAU-x" a = 4.133(4), c = 11.51(1), V = 196.6(3)). Attempts to pick a single 

crystal from the CaZnAlj reactions failed. 

Single crystal data were collected from products of Sr- and BaZnAl} reactions. For 

each single crystal study, the tetragonal unit cell was indexed during the random search of 

reflections. Systematic absence conditions of the data set gave 11 possible tetragonal I-

centered space groups. Previous studies in Ln-Au-Al systems suggest that I4mm 

(noncentrosymmetric) and I4/mmm (centrosymmetric) are two possible space groups for 

LnAuxAU-x phases. In this study, both space groups (I4mm and 14/mmm) were used for 

structural analyses. The statistical methods of Wilson plots and Hamilton tests were 

employed to determine the best structural model.^^'^^ 

The Wilson plot for each single crystal data set was generated by plotting the fraction 

of normalized intensity data (fl[I)) as a function of normalized intensity from 0.0 to 1.0. The 

results are shown in Figure 3a. Solid and dashed lines in Figure 3a represent the theoretical 

fraction of intensity f(I) for centrosymmetric (solid line) and noncentrosymmetric (dashed 

line) structures. The results indicate that the structure of Sr- and BaZnAh are 
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centrosymmetric because these distribution lines are closer to the ideal centrosymmetric 

curve than the noncentrosymmetric curve. 

The Hamilton test was used to compare the results of structural refinements from two 

models (space groups 14mm and 14/mmm). The results of each single crystal data shown in 

Table 4 indicate that the space group 14/mmm is better than the space group !4mm in 99 % 

significant level. The final results are listed in Table 3-5. The refined formula are 

SrZno.98(2)Al3.o2(3) and BaZni.ig(6)Al2 g2(6)> respectively. 

2. AeZnjAli (Ae = Mg<Ba): X-ray powder patterns for AZn2Al2 reactions (A = Mg-Ba) 

indicate that the reactions of Ca-, Sr- and BaZn2Al2 gave nearly pure BaAU-type compounds 

(space group 14/mmm) with trace amounts of Al. The product of the Mg-Zn-Al (1:2:2) 

reaction contains a mixture of the Laves phase, MgZn2 (a = 5.218(2) A, c = 8.538(5) A, V = 

201.3(1) A\ P = 120°), and Al with no evidence of a BaAU-type compound. Quenching 

reactions of AeZn2Al2 (Ae = Mg-Ba) was performed to synthesize possible ternary phases. 

X-ray powder patterns indicate that the product from the MgZn2Al2 reaction contains 

mixtures of MgZn2 + Al, the product from the Ca- and SrZn2Al2 reactions single phase. The 

product from BaZn2Al2 quenching reaction contains binary phases of BaZnj, a BaAU-type 

phase (BaZnxAU-x, a = 4.182(1) A, c = 11.436(8) A, V = 229.7(2) A') and trace amount of 

Al. 

Single crystals from the Ca-, Sr and BaZn2Al2 reactions were selected for structure 

characterization. The Wilson plots for crystal data on CaZn2Al2, SrZn2Al2 and BaZn2Al2 (two 

independent data sets) are shown in Figure 3b. The results indicate that the single crystal data 

of CaZn2Al2 and SrZn2Al2 favor centrosymmetric structure. However, the Wilson plot from 
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two independent BaZnzAb single crystal data suggest different structural models. There are 

six independent BaZnzAI: single crystal data set were collected in this study, the Wilson 

plots for each data indicate that three data prefer I4mm and the other three prefer 14/mmm 

space group. On the other hand, the Hamilton test on these single crystal data favored the 

centrosynimetric space group 14/mmm. 

The crystal data of AeZn2Al2 (Ae = Ca- Ba) are listed in Table 3-5. The refmed 

compositions are CaZn2 0(i)Al2.0(i), SrZni 94(3)Al2 06(3) and BaZni.g4(4)Al2.i6(4), respectively. 

3. AZnjAI: Reactions of Ae:Zn:AI =1:3:1 (Ae = Ca, Sr, Ba) gave mixtures of BaAU-type 

(AeZnxALt.x, x = 0.0-1.0), binary and elemental phases. Attempts to pick single crystals 

suitable for structural analyses failed. The unit cell constants of possible AeZnxAU-x phases 

in each Ae-Zn-AI (Ae;Zn:Al =1:3:1) reaction were refined by diffraction lines from Guinier 

powder patterns. These results are listed in Table 7 together with the refined cell constants 

from other AeZnxAU.^ compounds. The cell constants from Ae-Zn-AI reactions (Ae:Zn:Al 

=1:3:1, Ae = Ca-Ba) are essentially between AeZnAh and AeZn2Al2. The results suggest that 

the possible ternary AeZn^AUx phase in each Ae-Zn-Al reaction (Ae:Zn:AI =1:3:1) contains 

Zn/AI composition between 0.33 (AZnAh) and 1.0 (AZn2Al2). 

Discussion 

1. Structure of AZ111AI4.1 (A = Ca-Ba, x « 1,2): The structure of AeZnAI} and AeZn2Al2 

are BaAU-type (space group 14/mmm). A perspective view of AZnxAU-x along the [100] 

direction is shown in Figure 2a and the two unique positions of Ml (WycofTsite 4e) and M2 
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(WycofT site 4d) are labeled. Two significant factors controlling the site preference of Zn on 

the j [Zn^AU-x]^" network were discovered. 

According to the results of theoretical studies, the Ml site is more negatively 

polarized than M2 based on relative Mulliken populations over the vec range between 2.75 

and 3.5 e/atom. Therefore, a more electronegative element prefers lo occupy the Ml site than 

the M2 site.""^^ The results of single crystal analyses on AeZnAlj and AeZn2Al2 (Ae = Ca-

Ba) indicates a similar trend as the theoretical calculations that the MI and M2 sites favor Zn 

and AI, respectively. 

The effects of relative Zn/Al mole ratio and the effect of the alkaline earth metal on 

site preference of Ml and M2 sites and structures (distance and angle) are listed in Table 8. 

When small amounts of Al in the AeAU (Ae = Sr, Ba) are replaced by Zn to form AeZnAlj, 

the MI site (see results of SrZnAh and BaZnAb data in Table 3-5) is mixed occupied by Zn 

and Al closed to 1:1 ratio. The Ml-Ml contacts could be a combination of Zn-AI (100%), 

Zn-Zn(50%) + Al-Al (50%), or some combination of these. Although the ordered structure of 

Zn and Al on the Ml site was not observed, Extended-HUckel calculations on the model 

formula of [ZnAh]^' (excluding alkaline earth atoms) containing Zn-Al contacts along the c 

axis is more stable than model with Zn-Zn and Al-Al pairs on Ml-Ml contacts.^^ The result 

suggest that the Ml-MI contacts prefer heteroatomic Zn-AI pairs." As more Zn atoms are 

added into Ae(ZnxAl4.x) to form AeZn2Al2, the Ml site is nearly 100% occupied by Zn. At 

this point, the Ml and M2 sites are occupied by two kinds of elements (the ideal composition 

is AZn2Al2 with 100% Zn on Ml and 100% Al on M2 sites). When x is larger than 2 for 

AeZn^AU.,, the additional Zn atoms will occupy M2 site to generate Zn-Zn contacts on the 
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ab plane. However, the Zn-rich phases, such as AeZnjAl, were not observed. The results 

indicate that both Zn and A1 can occupy the Ml sites. On the other hand, the M2 site is 

always A1 rich (>75 at%). According to the experiments, a phase width is observed in Sr-

and BaZnxAl4.x (0 < x < 2) systems and the vec range is between 3.0 (AeZn2Al2) and 3.5 

(AeAU) eValom. For CaZn^AU.* system, only CaZn2Al2 (vec = 3.0 c/atom) exists. 

Size Effect on Alkaline Earth Atom 

The second factor controlling the site preference is the size effect of the alkaline earth 

atoms. According to the crystal data in Table 7, the ceil constants and cell volumes of 

AZn2Al2 increase as the size of the alkaline earth elements increase from Ca to Ba. The site 

preference of Ml and M2 sites for Zn and interatomic distances from Ca-, Sr and BaZn2Al2 

crystal data are shown in Figure 5. As we can see from Figure 5a, Ml and M2 sites become 

more "disordered" when the atom size is increased from Ca to Ba. The Zn occupancy on the 

Ml site decreases from 92% to 66% and the M2 site is increases from 5% to 25% as alkaline 

earth metals in AeZn2Al2 changes from Ca to Ba. The interatomic distances from Ca- to 

BaZn2Al2 are shown in Figure 5b. For contacts between the alkaline earth atom and the 

[ZnzAb]^' network, the A-MI distance increases 8.5 % from Ca to Ba. On the other hand, the 

interatomic distances in the [Zn2Al2]^' network show several interesting features. First of all, 

the M1-M2 distance is only slightly changed (increased by 2.2%). The MI-Ml and M2-M2 

distances are increased by 8.2% and the M1-M2-M1 angle (a) increases by 4.9%. The overall 

effects increase the a/c ratio and unit cell volumes. Second, the distance range of M2-M2 

contact is between 2.9 and 3.2 A. On the other hand, the Ml-Ml distance varies from 2.49 to 

2.71 The M1-M2 distance is essentially fixed between 2.63 and 2.69 A. The results 
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indicate that the size of the alkaline earth atom affect the Ml-Ml and M2-M2 distances more 

than M1-M2 distances. The interatomic distance may play a role to the site preference of Zn 

and A1 atoms. Similar trends were also found in the AZnAh system. Although only SrZnAh 

and BaZnAb were observed, only BaZnAb allowed partial occupancy of Zn on the M2 site. 

Physical properties 

Magnetic susceptibility measurements at 3T for the AeZnAh and AeZn2Al2 samples 

show temperature-independent magnetic behavior over the range 50-273 K. After the 

diamagnetic core correction, all samples show paramagnetic behavior and the results are 

illustrated in Figure 7. For AZnAh systems, the average susceptibility of SrZnAh and 

BaZnAl] are 6.1x10'^ and 7.7x10"' emu/mole, values that are on the order of Pauli 

paramagnetic behavior. For AeZn2Al2 (Ae = Ca-Ba), the results for SrZn2Al2 and BaZn2Al2 

show similar temperature-independent molar susceptibilities as the AeZnAb (5.1 xlO'^ for 

SrZn2Al2 and 3.5 xlO'^ for BaZn2Al2). The magnetic susceptibility of Sr- and BaZnxAU.^ (x = 

1, 2) decreases when the Zn composition increases. The magnetic behavior of CaZn2Al2 is 

quite different than that of Sr- and BaZn2Al2 samples. The molar susceptibility of CaZn2Al2 

gradually decreases fix)m 1.0x10'^ to 5.0x10"* emu/mol when the temperature is increased 

from 50 to 300K. The magnetic susceptibility is significantly larger than Sr- and BaZn2Al2 

samples for the whole temperature range (50-300K). Below 50 K, the susceptibility of 

CaZn2Al2 increases due to the contributions of impurities. 
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Conclusions 

Ternary AeZnxAU.* systems were characterized to study the effects of alkaline earth 

elements and the Zn/Al ratio on the site preference problem in BaAU-type structures. All 

compounds show centrosymmetric structiu'e types (space group 14/mmm). The site 

preference for Zn and A1 atoms is affected by the size of alkaline earth element and by the 

electronegativity of Zn and Al. The phase width in AZn^AU-x was observed in Sr- and 

BaZnxAU.x systems (0.0 < x < 2.0). 
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Figure 1. The crystal structure of BaALt projected along [100]. The Ba 
atoms are drawn in big filled black ball and A1 atoms (both Ml 

and M2) are white balls. Two independent positions on j [AL*]'' 

network (Ml and M2) are labeled. 
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MIM2MI 

MIM2MI 

c)P4/nmm a) U/mmm 

Figure 2. BaAi4-type derivatives, a) BaAU structure: Au and A1 
mixed occupy on Ml sites, b) BaZnSn3-type structure: Au 
and A1 are ordered in Mia (black, Au) and Mlb (white, Al) 
c) CaBe2Ge2-type structure: both Ml and M2 sites from 
BaALt structure are seperated to Mia, M2b(black, Be) and 
Mlb, M2a (Ge) sites. 
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Figure 3. Wilson plot of single crystal data for a) AZnAb and b) AZnjAlj (A 
= Ca, Sr, Zn). The solid and dashed lines represent the theoretical 
curves for centro- (black) and noncentrosynunetric (dashed) 
structures. 
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Figure 4. Effect of alkaline earth metal on Ca-, Sr- and BaZn2Al2 structure, a) 
Zn occupany, b) Interatomic distance (A). 
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Figure 5. The molar magnetic susceptibilities of a) Sr21nAI} (filled circle) 
and BaZnAh (empty circle), b) CaZn2Al2 (filled circle), 
SrZn2Al2 (empty circle) and BaZn2Al2 (filled triangle). 
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Table 1. Summary of reaction compositions and products identification for various 
AZn^AU-x reactions (A = Mg, Ca, Sr, Ba; x = 1-3). 

Reactions Identified Phase Comment 

1 .x=l  

CaZnAb 
SrZnAlj 
BaZnAh 

2. x=2 

MgZnzAli 
CaZnzAh 
SrZn2Al2 
BaZnjAh 

3 .x=3 

CaZnxAU-x + CaZn2 + CaAh + CaZnj 
SrZnAh (M) + Al(t) 
BaZnAh (M) 

MgZn2 (M) + A1 
CaZnaAl: (M) + A1 (t) 
SrZn2Al2 (M) + A1 (t) 
BaZn2Al2 (M) 

powder 
powder, single crystal 
powder, single crystal 

powder, single crystal 
powder, single crystal 
powder, single crystal 
powder, single crystal 

CaZnsAl CaZnxAU-x + CaZn? 
SrZnsAl SrZnxAU-x + SrZns + A1 (t) + Zn (t) 
BaZnjAl BaZnxAU-x + BaZns (M) 

powder 
powder 
powder 

M = major phase; t = trace amounts. 
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Tabk 2. Summary of Single Crystal refinements on ternary BaAU-type compounds in various AZnxAU.x (A = Ca, Sr, Ba; x = 1-3) 
reactions. 

Reactions 
No. Refined Formula a. A c, A Volume, A^ Rl/wR2(%);GOF 20„ux totl/uniq reflns 

x=l 

1 SrZllo 98(2 )A b 02(3) 4.2988(4) 11.538(2) 213.21(5) 2.91/8.83; 1.193 60 418/114 

2 Sr21ni.o4(2)Al2 96(2) 4.2912(7) 11.517(2) 212.08(6) 2.38/6.28; 1.228 60 790/112 

3 BaZni.23(4)Al2 77(4) 4.4751(8) 11.425(2) 227.89(6) 1.90/5.06; 1.234 60 802/126 

4 BaZni i8(6)Al2 82(6) 
x = 2 

4.4677(7) 11.416(2) 227.89(6) 1.75/4.33; 1.023 60 1500/126 

S CaZn2 0(i)Al2 0(i) 4.1243(8) 11.560(2) 196.6(2) 3.51/7.67; 1.030 60 728/103 

6 CaZn2 0(i)Al2 0(i) 4.1281(9) 11.525(2) 196.39(7) 1.49/4.02; 1.022 52 1140/62 

7 SrZno 98(2)Al3 02(3) 4.2889(8) 11.423(2) 210.13(6) 1.51/4.15; 1.051 120 2740/113 

8 SrZn2 2I(4)A1I 89(4) 4.2832(6) 11.384(2) 208.56(5) 2.74/6.3; 1.13 55 509/94 

9 SrZn2 24(i)Ali 86(1) 4.2856(5) 11.379(2) 208.99(6) 1.91/4.90; 1.174 55 622/94 

10 SrZn2 !6(3yAli 84(3) 4.2840(4) 11.392(2) 209.07(3) 3.54/9.56; 1.075 75 1375/196 

11 BaZnj 85(8)Al215(8) 4.472(1) 11.430(4) 228.6(1) 2.87/6.64; 1.042 55 340/100 

12 BaZni 84(4)Al216(4) 4.4768(6) 11.403(2) 228.54(6) 1.36/3.19; 1.077 60 1409/118 

13 BaZni 78(4)Al2,22(4) 4.4712(6) 11.436(2) 228.63(6) 1.79/2.89; 1.124 60 1500/119 

14 BaZni 68(8)Al2 32(8) 4.4584(3) 11.402(3) 226.6(2) 2.47/6.74; 1.077 70 316/80 

15 BaZni 76(8)Al2.24(8) 4.4568(2) 11.378(7) 226.0(2) 1.94/5.27; 1.083 60 410/121 

16 BaZO] 66(8>A!2.34(8) 4.458(2) 11.404(4) 226.6(2) 3.49/8.04; 1.089 75 1432/211 
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Tabk 3. Crystal Data and Conditions of Data Collection, 

a) AZnAh ( A = Sr, Ba) 

Refined Composition SrZno.9K2)Al3.o2(3) BaZni.iK6)Al2.i2(6) 

Instrument Siemens P4 Regaku AFC6R 

form wt (g/mol) 233.93 283.65 

Crystal size, mm 

Space group, Z 14/nunm, 2 

a(A) 4.298(2) 4.496(2) 

c(A) 11.534(9) 11.49(1) 

V{k') 213.1(2) 232.4(2) 

dele (g/cm^) 1.822 2.067 

Abs coefff(mm') 18.523 14.215 

Transmission range 0.537-0.966 0.751-1.0 

Temperature, K 293(2) 293(2) 

Rl ,  wR2 (a l l  da ta)  0.0301,0.0883 0.0189,0.0433 

Goodness-of-fit on 1.193 1.023 

Extinction coefficient 0.000(11) 0.008(2) 

(Ap) max, min (e/A^) 1.567,-0.850 0.832, -0.723 
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Table 3. (Continued) 

b) AZnjAh (A = Ca, Sr, Ba) 

Refined Composition CaZn2.o(i)Al2.o(i) SrZno.9K2)Ai3.o2(3) BaZni.s4<4>Al2.t6(4) 

Instrument Rigaku AFC6R Rigaku AFC6R Rigaku AFC6R 

Form. wt. (g/mol) 225.74 269.63 284.21 

Crystal size, mm 0.075x0.075x0.075 0.075x0.1x0.125 0.15x0.175x0.225 

Space group, Z 14/mmm, 2 

fl(A) 4.1281(6) 4.2889(6) 4.4768(6) 

c(A) 11.525(2) 11.423(2) 11.403(2) 

196.39(6) 210.13(6) 228.54(6) 

ddc (g/cm^) 1.909 2.131 2.297 

Abs coeff (mm') 6.929 11.890 9.169 

Transmission range 0.8939-1.0 0.8519-1.0 0.6065-1.0 

Temperature, K 293(2) 

Rl ,  wR2 (a l l  da ta)  0.0204,0.0402 0.0294,0.0415 0.0137,0.0319 

Goodness-of-fit on 1.022 1.051 1.077 

Extinction 0.007(4) 0.005(4) 0.0117(15) 
coefficient 

(Ap) max, min (e/A^) 0.440, -0.394 0.546, -0.527 0.475,-1.005 
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Table 4. Atomic coordinates and equivalent isotropic displacement parameters (A^) for a) 
AeZnAlj (Ae = Sr, Ba) and b) AeZnzAh (Ae = Ca, Sr, Ba). U(eq) is defmed as one third of 

the trace of the orthogonalized U'J tensor. 

a) AeZnAb (Ae = Sr, Ba) 

atom site 

SrZno98(2)Al3 02(3) 

Sr 

Ml 

M2 

2a 

4e 

4d 

U(eq) site occ. 

0 0 0 0.015(1) Sr 1.00 

0 0 0.3888(2) 0.015(1) A1 0.51(1) 

Zn 0.49(1) 

0 0.5000 0.2500 0.015(1) A1 1.00(1) 

BaZni ig(6)Al2.82(6) 

Ba 2a ^ 

Ml 4e 0 

M2 4d 0 

0 0 0.010(1) Ba I 00 

0 0.3826(1) 0.014(1) A1 0.52(1) 

Zn 0.48(1) 

0.5000 0.2500 0.014(1) A1 0.89(2) 

Zn 0.11(2) 
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Table 4. (Continued) 

b) AeZn2Al2 (Ae = Ca, Sr, Ba) 

atom site U(eq) Site occ. 

CaZn2 0(i)Al;0(i) 

Ca 

Ml 

M2 

2a 0 0 0 0.012(1) Ca 1.00 

4e 0 0 0.3919(1) 0.011(1) A1 0.10(3) 

Zn 0.90(3) 

4d 0 0.5000 0.2500 0.013(1) A1 0.89(2) 

Zn 0.11(2) 

SrZni.94(3)Al2.06<3) 

Sr 

Ml 

M2 

2a 

4e 

4d 

0 0 0 0.010(1) Sr 1.00 

0 0 0.3874(1) 0.011(1) A1 0.18(1) 

Zn 0.82(1) 

0 0.5000 0.2500 0.014(1) A! 0.850(6) 

Zn 0.150(6) 

BaZni g4(4)Al2,i6(4) 

Ba 

MI 

M2 

2a 

4e 

4d 

0 

0 

0 

0 0 0.011(1) Ba 

0 0.3812(1) 0.015(1) AI 

Zn 

0.5000 0.2500 0.017(1) Al 

Zn 

1.00 

0.33(1) 

0.67(1) 

0.75(1) 

0.25(1) 
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Table 5. Selected Bond lengths [A] for AeZn^AU-x (Ae = Ca, Sr, Ba; x = 1.0-2.2). 

A-Ml Ml-Ml M1-M2 M2-M2 

SrZno' W(2)Al3.02(3) 3.2992(7) 2.565(4) 2.681(1) 3.0397(3) 

BaZni .18(6)Al2.82(5) 3.4318(5) 2.680(2) 2.6986(6) 3.1593(4) 

CaZn: 0( l )Al2 0( l )  3.1737(5) 2.491(2) 2.6334(7) 2.9190(4) 

SrZni 94(3)Al2.06(3) 3.2943(5) 2.573(1) 2.6574(5) 3.0327(4) 

BaZni,g4(4)Al216(4) 3.4434(5) 2.710(2) 2.6922(5) 3.1656(4) 

Table 6. Results of Wilson plot and Hamilton tests. 

No. Data Wilson Plot Hamilton Test 

1 SrZnA13 I4/mmm 14/mmm 

2 SrZnA13 I4/mmm I4/mmm 

3 BaZnA13 I4/mmm 14/mmm 

4 BaZnA13 I4/mmm 14/mmm 

11 BaZnjAh I4mm Mmm® 

12 BaZnjAh I4/mmm 14/mmm 

13 BaZnaAh I4/mmm 14/mmm 

14 BaZnaAb I4mm 14mm'' 

15 BaZnzAU I4mm 14/mmm 

16 BaZn2Al2 I4/mmm 14/mmm 

'Significant level > 25%. ''Significant level > 99%. 
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Table 7. Summary of calculated cell constants for BaAU-type compounds from 
AeZnxAU-x ( Ae = Ca-Ba, x = 1.0 - 3.0) reactions. 

Reactions Ca Sr Ba 

AZnjAI" a (A) 4.122(3) 4.301(3) 4.487(3) 

c(A) 11.51(1) 11.37(2) 11.47(1) 

a/c 0.36 0.38 0.39 

V(A') 195.5(2) 210.3(3) 231.0(3) 

AZniAl? a (A) 4.122(1) 4.2172(9) 4.4602(9) 

c(A) 11.512(8) 11.417(4) 11.376(5) 

a/c 0.36 0.37 0.39 

V(A^) 195.6(1) 208.28(9) 226.3(1) 

AZnAlj" a (A) 4.133(4) 4.298(2) 4.496(2) 

c(A) 11.51(1) 11.534(9) 11.49(1) 

a/c 0.36 0.37 0.39 

V(A') 196.6(3) 213.1(2) 232.4(2) 

AAU' 

a (A) 4.35 4.46 4.539(3) 

c(A) 11.07 11.12 11.16(1) 

a/c 0.39 0.39 0.41 

V(A^) 209.8 221.3 229.92 

* Product contains mixtures of binary (A-Zn and A-Al) and BaAU-type compounds. 

^ CaZnAlj product contains mixtures of binary (A-Zn and A-Al) and BaAU-type compounds. 

Pearson Handbook of Crystallographic Data for intermetallic phases (1991). 
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Table 8. Crystal data of AeZnxAU.x ( Ae = Ca-Ba, x = 1.0, 2.0). 

Ca Sr Ba 

X = 2 a (A) 4.122(1) 4.2172(9) 4.4602(9) 

c(A) 11.512(8) 11.417(4) 11.376(5) 

a/c 0.36 0.37 0.39 

V(A') 195.6(1) 208.28(9) 226.3(1) 

Ml-Ml 2.491(2) 2.573(2) 2.710(2) 

M1-M2 2.6334(7) 2.6574(5) 2.6922(5) 

M2-M2 2.9190(4) 3.0327(4) 3.1656(4) 

Ml (Zn %) 90(3) 82(1) 67(1) 

M2 (Zn %) 11(2) 15.0(6) 25(1) 

ZMlM2Ml(a) 103.22(3) 107.60(3) 107.98(1) 

ZM1M2M1(P) 112.69(2) 110.41(1) 112.49(3) 

X = 1 a (A) 4.298(2) 4.496(2) 

c(A) 11.534(9) 11.49(1) 

a/c 0.37 0.39 

V(A') 213.1(2) 232.4(2) 

Ml-Ml 2.565(4) 2.680(2) 

M1-M2 2.681(1) 2.6986(6) 

M2-M2 3.0397(3) 3.1593(4) 

Ml (Zn %) 49(1) 48(1) 

M2 (Zn %) 0 11(2) 

ZMlM2Ml(a) 106.61(6) 108.34(2) 

ZMlM2Ml(p) 110.92(3) 111.75(3) 
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CHAPTER 6 

BauZnsAbz: A NEW TERNARY INTERMETALLIC COMPOUND WITH A 
NOVEL 2D NETWORK 

A paper to be submitted To J. Solid State Cheni. 
Chi-Shen Lee and Gordon J. Miller 

Abstract 

A new ternary intermetallic compound Bai4Zn5Al22 was synthesized by heating the 

pure elements at 800 °C followed by slow cooling in a sealed Ta tube. The compound 

crystallizes in the monoclinic space group I2/m, Z = 2, with a = 10.474(2) A, b = 6.0834(14) 

A, c = 34.697(8) A and /3 = 90.814(4)°. The crystal structure of Bai4ZnsAl22 contains slabs of 

Zn-Al networks that contain a novel two dimensional (2D) network. Extended-HUckel Band 

calculations have been performed to understand the relationship between the composition and 

orbital interactions for Zn-Al contacts. 

Introduction 

Synthetic efforts on Ae-Zn-Al systems (Ae = Mg, Ca, Sr, Ba) have identifled several 

intermetallic compounds that are intermediate between Hume-Rothery type and Zintl type , 

e.g., BaZnioAb (vt?c = 2.33), (Mg*Lii-02-z(ZnyAli-y)j+i (vec = 2.0-2.5) and AeZn^AU^ (Ae = 

Ca, Sr, Ba; x = 0-2; vec = 3.0-3.5).'"^ These compounds show different Zn-Al networks with 

vec ranges between 2.0 and 3.25. Like Hume-Rothery phases, compounds with phase widths 

were observed in (MgxLii-x)2-z(ZnyAli-y)3.t^2 and AeZhxAU-x systems. On the other hand, 

BaZnioAl; {vec = 2.33) shows a fixed composition, similar to Zintl phases. Theoretical 

calculations of the electronic structure indicate that the bonding character of the Zn-Al 
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framework has an important influence on the phase width and chemical composition.^'^ 

Furthermore, the atomic site preferences for Zn and A1 atoms in these various structures is 

affected by coordination environment and the atom size of alkaline earth metals.^'^'^ 

During investigation of the Ba(ZnxAli.x)2 (x = 0.0-1.0; vec = 3.0-4.0) system, a new 

tcmar>' compound, Bai4ZnsA!22, was s>'nthesizcd. In this chapter, the structural 

characterization and theoretical calculations of the title compound are presented. 

Experimental 

Synthesis and Characterization 

All reactions were prepared in an Ar-filled glovebox with the concentration of O2 

lower than 10 ppm. Starting materials included Ba turnings (Johnson-Matthey, 99.9 %), Zn 

powder (Alfa, 99.9%), A1 ingot (Alfa, 99.9999%), and Al foil. The exploratory reactions of 

Ba(ZnxAli.*)2, x varying from 1.0 to 1.0, were carried out in Ta ampoules. Reactant mixtures 

were heated to 900 °C under dynamic vacuum for 6 hours, then cooled to 400 "C at the rate 

of S°C/hour and Anally rapidly cooled to room temperature. Each product appears as brittle, 

silver colored ingots that are both air and moisture sensitive. The surfaces of all products 

turned from silver to dark black in 2 days inside the glovebox. Guinier powder X-ray 

difTraction patterns (Enraf-Nonius Guinier camera, Cu Kai radiation (X. = 1.S40S6 A), 

internal standard = Si powder) were used for preliminary characterizations (see Table 1). The 

observed diffraction patterns usually gave weak diffraction intensities. For the products from 

Zn-rich reactions, the X-ray powder patterns identified mixtures of known binary phases. On 

the other hand, interesting results were observed for products from the Zn-poor region. 

Powder patterns from products of two Zn-poor reactions (Ba:Zn:Al = 1:0.4:1.6 and 1:0.S:1.S) 
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show positions of diffraction lines similar to those of the theoretical pattern of Ba7Ali3. 

However, there is a weak line at 20 -10° that cannot be identified which suggests this 

product to be a new phase with a structure type similar to Ba7Ali3. A quench experiment was 

performed by using liquid N: for one Zn-poor reaction (Ba:Zn:AI = 1:0.5:1.75) and the result 

(based on llie Guinier powder pattern) is the same as the product obtained from slow cooling 

process. The preliminary single crystal characterizations (see below) suggest a possible 

composition of Ba7Zn3Alio. 

Attempts to synthesize new ternary phase based on the stoichiometries of Ba:Zn:Al = 

7:3:10 were performed using the same heating procedures. Single crystal X-ray diffraction 

was carried out and the best result gave the refmed formula, BauZnsAU:- Subsequent 

reactions based on the final refined composition gave nearly pure phase of the title compound 

with trace amounts of Al. 

Single Crystal X-ray Analysis and Structure Dctennination 

Needle- and plate-shaped single crystals were selected from crushed products in an 

Ar-filled glovebox, mounted and sealed inside a glass capillary, and the quality was checked 

by means of rotation photographs on Siemens P4 or Rigaku AFC6R diffractometers. Several 

single crystal data sets were collected on a Bruker Smart CCD diflhictometer both at room 

and low temperature (-163 (2) °C). Unfortunately, most of the samples were twinned crystals 

that could be used for structural analyses. Procedures for intensity data collection and 

structure determination were described in Chapter 3. * Several structural models have been 

used for different single ciystal data sets and are discussed below. Table 2 lists some 

important data and refined formula based on three independent single crystal data collections. 



www.manaraa.com

174 

1. Model A (Hexagonal): The first single crystal data were collected on a Siemens P4 

diffractometer (Mo Ka radiation, X.=0.71073 A). The unit cell indexed from 25 

random-search reflections (15° < 20 < 40°) gave a hexagonal unit cell (a = 6.0686(8) 

A, c = 17.224(5) A), which is close to BavAln (a = 6.099(2) A, c = 17.269(6) A, 

space group P3ml). The fractional search routine and axial photos along each axis 

were performed, but supercell reflections were detected. A single crystal data set was 

then collected based on the hexagonal unit cell and the structure was solved by direct 

methods. The crystal structure shows features similar to Ba7Al|j, and the refined 

composition is BaTZnjAlio (Rl/wR2 = 5.83/14.07, Goodness of Fit (GOF) = 1.095, 

Table 2). The structure of the Model A is shown in Figure 2. The Zn atoms are 

located at the center of the unit cell (z - 0.5) and the layer of trigonal bipyramids is 

100 %AI. The central layer contains two inequivalent sites at (-0.076(2), 0.462(1), 

0.4848(5)) (70% Zn) and (0.27(2), 0.637(8), 0.527(3)) (30% Zn) to form a puckered 

network. The atomic position and thermal displacement parameters for Ba and Al 

atoms are reasonable except for the Zn atoms in the central region of Zn-AI network. 

Interatomic M-M contacts in the central layer are less than 0.9 A. These results 

indicate that the structure solution is not complete and superstructure may exist. 

2. Model B (Monoclinic): The second single crystal data set was collected on a 

Siemens Smart CCD single crystal diffractometer (Mo Ka radiation, A.=0.71073 A). 

More than 30 single crystal samples were checked and they all showed poor 

difliuction peaks or twining. To avoid reflections from a twinned crystal, very small 

crystals were selected for X-ray study. One single crystal data set was successfully 
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measured at room temperature (25(2) °C) over a hemisphere of reciprocal space. 

(0.04x0.07x0.08 mm^). The monoclinic unit cell constants were indexed by the 

observed reflections with I/o > 20 from the intensity data to be a = 10.541(4) A, b = 

6.086(3) A, c = 17.431(7) A, P = 90.317(11)°. This unit cell is close to an 

orthorhombic supercell (>/3a, b, c) of Ba7Ali3 (a, b, c are corresponding to the 

hexagonal cell). Since the p angle is very close to 90°, zone photos of [Okl], [hOl] and 

[hkO] planes were taken to check their reflection symmetry and the results confirmed 

the monoclinic model. The statistical analyses (Wilson test) indicate a 

centrosymmetric structure with Laue group 2/m. The unconventional space group 

12/m was selected to compare with the BavAlij-type structure. The structure was then 

solved by the direct methods and the possible atom positions were selected with the 

aid of Atoms 5.0 software. The crystal structure of Model B is shown in Figure 3. 

This model is still not correct because the thermal displacement parameters of un and 

U33 on M6 and interatomic distance of M7-M7 are not reasonable. Some results of the 

reflnements are listed in Table 2. 

3. Model C (Monoclinic): A single crystal sample from the product of the BaTZnaAlio 

reaction was used for single crystal data collection on a Siemens Smart CCD single 

crystal diflractometer (Mo Ka radiation, X=0.71073 A). The intensity data were 

collected from the whole sphere of reciprocal space at room temperature 25(2) °C. 

Attempts to index the unit cell from the intensity data gave an even larger monoclinic 

unit cell than Model B which is close to (>/3a, b, 2c) of the hexagonal cell of 
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Ba7Ali3. Least-squares refinement of the intensity data gave the best fit with a 

monoclinic cell, a = 10.474(2) A, 6 = 6.0834(14) A, c = 34.697(8) A, /3 = 90.814(4) °. 

The space group was determined by the same procedures as 2.2.1 and the 

unconventional space group /2/nt was selected. The structure was solved by direct 

methods and the initial electron density map showed 7 large peaks (assigned as Ba) 

atoms and 11 smaller peaks (assigned as Al). Initial least-squares refinements using 

Ba and Al atoms were performed with fixed isotropic thermal displacement 

parameters. After a few refinement cycles, the R-factor significantly decreased to less 

than 20%. The site occupancies were then refined to identify the relative electron 

density at each site. The Ba sites are 100% occupied and the four Al sites are mix-

occupied by both Zn and Al atoms. Subsequent refinements were able to refine 

anisotropic thermal displacement parameters on each site. The final structural 

refinement gave R-factors of Rl/ wR2 = 0.0649/0.1667 for all data and the highest 

residual electron density is 4.911 e/A^ (0.80 A from Ba2). Important crystal data, 

positional, thermal displacement parameters (iso- and anisotropic) and selected 

interatomic distances for BauZnsAh: (crystal No S) are listed in Table 3-6. The 

calculated pattern based on the Model C (BauZnsA^z) was generated and compared 

with Ba7Ali3 (see Figure 4). The calculated powder pattern for Model C 

(BauZnsAh:, Figure 4b) shows similar positions of difThiction lines to the calculated 

powder pattern for BavAlia pattern (Figure 4a) in 20 ranges between 10 and SO". 

There are two positions ([002] and [004]) on the calculated Bai4ZnsAl22 pattern in 
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low 20 region (26 < 10°) that are not shown on the calculated BayAlia pattern. The 

Guinier powder pattern for Bai4Zn5Al22 sample only found the [004] line. 

4. Model D (Monoclinic): Models with unit cell constants larger than Model C could 

be indexed by supercell reflections. These peaks are weak (10 ^ l/o ^ IS) and broad, 

and therefore, difficult to locate the positions of these reflections. One of these 

possible supercell models has a monoclinic unit cell close to (2 >/3 a, 2b, 2c) of the 

hexagonal cell with 90.805(6) ° (see Table 2 No 6). However, attempts to solve 

the crystal structure failed (R-factors > 20 %). Some results are listed in Table 2. 

5. Other Models: During the structure refinement of a data set for Model C, there were 

about 4% of all reflections that could not be indexed and refined due to significant 

differences between the observed and calculated intensities. These reflections are 

located at high 26 region (^ 30**), and are assigned to the minor contribution of a twin 

crystal. The orientation matrix between the refined model and the twin crystal is; 

l-2xsin(90 
= 0 

0 

1 0 

0 -1 

,^.8» 

The diffiaction points between the main crystal and twin crystal are very close 

because the P angle is near 90**. According to the image data, overlapping diffraction 

peaks do not split until 26 is larger than 30**. The other poorly fit reflections (- 6%) 

show narrow peak widths along the a and h' axes (A6 < 0.8**) and wide peak widths 

along the c* axis (A6 > 0.8**). Therefore, a superstructure with large unit ceil constants 

along the c-axis may exist. 
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Electronic Structure Calculations 

Extended-HUckel tight-binding band calculations were carried out on a hypothetical 

formula, [Al:?]^*', to understand the bonding character of the anionic network in BauZnjAlaj. 

Atoms from barium atom were excluded from the calculations and only A1 parameters 

were used in the anionic Zn-Al network. Detailed procedures are described in Chapter 

Atomic orbital parameters are as follows. Al: H„(3s) = -12.3 eV, Hii(3p) = -6.5 eV, i^(3s) = 

a3p)= 1.167). 

Results and Discussion 

Structure Description 

In the binary phases, BaZn:'^ adopts the CeCu2 structure type with a three-

dimensional network (vec = 3.0). Ba7Ali3"'" shows a two-dimensional network (vec = 4.1). 

The vec of the title compound BauZnsAh: (vec = 3.85) is close to BavAIn. The general view 

of BauZnsAh: (99% probability thermal ellipsoids) along [100] direction is shown in Figure 

5. The structure contains discrete Zn-Al slabs with Ba atoms in the vacancies (interstitial 

region). The Zn-Al slab can be described as j {[Al5][MAl4]}-^[M7]-i {[Al5][MAU]} (M= 

Zn+AI). The arrangement of barium atoms (represented by light gray ellipsoids) forms two 

types of stacking structures, shown in Figure 6. One stacking pattern is a distorted cubic 

close-pack (ccp) structure (Ba4, BaS and Ba7) and the second type is a distorted cubic-

diamond structure (Bal, Ba2, Ba3 and Ba6). The stacking of Ba atoms in Bai4ZnsAl22 is 

essentially the same as the Ba stacking in BaTAlu except that the structure is distorted from 

trigonal to monoclinic symmetry. The average distance between two Ba atoms is 3.8(1) A. 
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The Zn-Al network in BauZnsAh: is similar to the A1 substructure of BaTAlu-

However, two unique features were found in the ionic network of BauZnjAl::. The Zn-Al 

network forms a combination of two ^[Ms] layers surrounding a novel 2D network of 

Furthermore, Zn atoms are found only on atomic positions in the central region, 

especially in the central 2D layer and all Zn/Al mixed occupied sites are four coordinate 

(d(M-M) < 3.0 A). A single slab of the Zn-Al network is drawn in Figure 7 (Ba atoms are 

omitted for clarity). The outer layers of the slab are ^[Ms] sheets built up of trigonal 

bipyramidal clusters, and one of the axial positions is partially occupied by Zn (^ [Als] {tbp-

1) and I [MAI4] {tbp-2) units, see the shaded clusters in Figure 7). The MIO site in tbp-2 has 

a Zn/Al ratio of 0.214(4)/0.786(4). The average interatomic distance between two tbp units is 

2.86 A, which is shorter than the intra-atomic distances within each ibp cluster (3.06 A). The 

electronic structure of the j [Als] layer has been studied, the results based on the bonding 

character (overlap populations) indicate that the interaction between two tbp clusters is 

stronger than intra-cluster bonding on the equatorial edge of a tpb cluster. Therefore, the 

intercluster distances are shorter than the intracluster distances. The observed distances in 

BauZnjAh: are consistent with the structure data of Ba7Ali3, BasAls and BaaAls.'^'^^ 

The title compound contains a novel 2D network I [M7] in the center of the Zn-Al 

slab. The refmed formula for this net (j [M?]) is close to I [Zn4 3Al2.7]- There are seven atoms 

per unit cell (M8x4, M9 and Ml 1x2) and each atom is mixed-occupied by Zn and Al. The 

M8 site forms alternating short-long contacts of M8-M8 pairs (2.524(5) and 3.559(5) A) 

along b axis, and its coordination environment is close to tetrahedral (see Figure 7). The M9 
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site is connected to four M8 atoms (d(M8-M9) = 2.662(2) A) lying on a plane and two All6 

atoms (3.262 (7) A) from top and bottom to form a comer-sharing tetrahedral clusters. The 

local structure around M9 atom can be considered as a partial structure of Ba7Ali3 (or MgCuj 

type structure), llie Ml 1 site generates Mil-Ml 1 pairs (2.66 A) along the a axis. Each Ml 1-

Mll pair is coordinated to four MS and tuo MIO atoms to form a fragment similar to 

staggered ethane, see Figure 7. Such local structure around the Mil-Mil pair is similar to 

the coordination enviroiunent of a Zn-Zn pair in the structure of BaZnz (see Figure 1 for the 

structure of BaZnj). Combining the local structure of M9 and Ml 1, the local structure in the 

central region of Zn-Al slab contains two types of fragments resembling the partial structure 

of Ba7Ali3 and BaZnz.'^ '^ Detailed comparison between Bai4ZnsAl22 and other binary phases 

are described later in this section. 

Another way to describe the structure of the j [M?] sheet is based on two types of 

octagons (oct-J and oct-2), shown in Figure 8a. The oci-J units are made up of two M8-M8 

pa i r s  and  two  Ml l -Ml l  d imer s  connec t ed  a long  the  6 -ax i s  by  sha r ing  edges  (Mi l -Mi l  

pair). The ocl-2 units are made up of four M8, two M9 and two MlO atoms linked along the 

6-axis by sharing a comer (a M9 atom). These two types of octagonal rings are alternately 

connected by sharing M8(x2) and Mil atoms. The structure of the ^[M?] layer, therefore, 

can be written (3838)(38^)(8^) based on the number of triangular face (3) or octagon ring (8) 

generated on each individual position (M8 = 38^, M9 = 3838, Ml 1 = 8^).^^ Comparing with 

Ba7AIi3, the corresponding 2D layer (Kagom^ net) can be written as a (3636) network (see 

Figure 8b). 
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There are four types of Zn-Al polyhedra centered by Ba atoms compared to one type 

of Friauf polyhedron for Ba7Ali3. These polyhedra are shown in Figure 9. As we can see in 

Figure 9a, the Friauf polyhedron contains 12 Zn/Al atoms to form a truncated tetrahedron. 

Additional Ba atoms cap each hexagonal face. Therefore, the AI framework in Ba7Ali3 is 

made up of fused Friauf polyhedra sharing three hexagonal faces to form 2D slabs." The 

polyhedra in Bai4Zn5Al22 are quite different due to the (3838)(38^)(8^) network in the center 

of the Zn-Al network. The Zn-Al polyhedra in BauZnsAh: (radii < 4.0 A of Ba) are irregular 

shaped with 12, 13 (two types) and 14 vertices (see Figure 9b-e). Ba atoms cap distorted 

hexagonal faces or irregular shapes of 6, 7 and 8 membered Zn-Al rings. (Note: the structure 

of Ba?All3 may need to be reinvestigated because the Al atom on the Kagom^ network gave 

an unreasonable isotropic thermal parameter)." 

The structure of Bai4Zn5Al22 may be considered as an intermediate structure type 

between BaAb (H. P. phase, 3D structure) and Ba7Ali3 (2D structure).^"'" The comparison 

is shown in Figure 10. The BaAh- and MgZn2-type structures represent two types of fused 

Friauf polyhedral networks (Figure lOa).'®*^"''^^ When the Ba concentration is increased, the 

Zn-Al networks are transformed from 3D structures (BaA^, BaZn:) to 2D slabs (Ba7Ali3, 

Bai4ZnsAl22)- The partial structure of Ba7Ali3 contains combinations of MgCu2- and MgZn:-

type structures (Figure lOc). On the other hand, the similar slabs in BauZnsAbz preserve the 

MgZn2-type fragment, but the central region contain fragments similar to both MgCu2 (or 

Ba7Ali3 partial structure) and BaZn2 structure types (Figure 10b). Finally, only the 2D layer 

of trigonal bipyramidal clusters exists in the structures of BajAls and Ba4AIs (Figure lOc). 
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The structural transition for the Ba(Zn,Al)i+x system indicates that the dimensionality of the 

Zn-Al netAvork is reduced as the concentration of Ba increased. 

Is BauZosAh: a ZintI phase? 

The formal charges of Zn and A! atoms in the Bai4ZnsAl22 (vec = 3.85) were 

examined to see if the ZintI concept can be applied. If Ba is a two-electrons donor, the formal 

charge on the Zn-Al network should be -28, i.e. [ZnsAh:] ". Using the shortest interatomic 

contacts (< 3.0 A) in the Zn-Al ihunework as the index for "bonding" interactions, the 

coordination numbers on each (Zn, Al) atom can be grouped into (l)three-bonded trigonal 

pyramid (AI12-13), (2) four-bonded tetrahedral (AI14-15, A117-18, M9-M1I), (3) four-

bonded planar (M9) and (4) five-bonded (All6). The fomnal charge of an atomic site is 

calculated by the difference between the number of valence electrons and the number of 

bonding electrons. For example, the Mil site contains 38.6(4)/61.4(4) at% Zn/Al and each 

MI I is coordinated to four atoms (M8x2 + MIO + Ml 1). The formal charge of MI 1 is, 

(0.386x2 + 0.614x3) - 4.0 = -1.386 

The total charge of the Zn-Al slab according to this prescription is [ZnsAljj]^^ Clearly the 

calculated foimal charge is too large for electrons from 14 Ba atoms (28 e ). 

The second attempt to assign the formal charge was carried out using the average 

covalent bonding scheme. The number of electron pairs, two-center two-electron (2c,2e) and 

three-center two-electron (3c,2e) bonds were considered to calculate the number of bonding 

electrons. For atoms with three interatomic contacts (All2, All3), each is involved in three 

2c,2e bonds plus one electron pair. Therefore, the formal charge is 
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3 - (3 + 2) = -2. 

On the other hand. All 1 and All4 are four coordinated, with two 2c, 2e bonds (perpendicular 

to plane) and two 3c,2e bonds (parallel to plane)." The other four coordinate positions were 

assigned to four 2c, 2e bonds (M8, MIO). The five coordinated atom All6 is assigned as 

three 2c,2e bonds to two All5 and one All7 atoms, and one 3c2e bond with MS atoms. The 

bonding scheme for M9 is assigned as one electron pair (perpendicular to the plane) plus two 

2c,2e and one 3c,2e bonds along the plane to four M8 atoms. The summary for bonding on 

each atom is listed in Table 8. The total charge of this model is [ZnjAba]^'The total 

charges of [ZnjAb:]"' are close to the electrons of 14 Ba (28 e ), however, the charge 

difference between Ba and (Zn,AI) atoms is still not balanced. 

The third attempt was carried out by theoretical band calculations on the model 

[Al:?]^*". The effect of orbital interactions on each atom were analyzed to determine the site-

preference as well as the optimal composition in terms of maximum overlap populations 

from all Zn-Al contacts.'*''^" Detailed procedures are described in Chapter 2 and 3. The 

densities of states (DOS) curves are shown in Figure 1 la. The dashed line indicates the Fermi 

level appropriate to BauZnjAl:: (vec = 3.85). Partial DOS for ^[Als] and ^[AIt] 

contributions are shown in gray and black shaded areas. The Fermi level at vec = 3.85 is 

located inside a big band (mostly contributed by Al(3p) orbitals) at -6.4 eV. The 

contributions of electronic states near the Fermi level are from both atoms on j [M?] and 

: [Ms] layers. 
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The COOP curves for Al-Al contacts within the ^[Als] (solid), and ^[Alv] (long 

dashed) layers, as well as between layers (^[Als]- ilAl?], round dot) are shown in Figure 

lib. The overlap populations (OP) for all Al-Al contacts are close to the optimized values 

when vec is between 3.8 and 4.0 (AOP < 2%). The transition from bonding to antibonding 

character exists in a narrow region of vec. If optimized bonding on the Zn-Al network is a 

requirement for the stable composition, the phase width of this system should be narrow due 

to the sharp transition from bonding to antibonding character in the DOS. 

Conclusions 

The structure of a new ternary intermetallic Bai4Zn5Al22 was determined in this study. 

Theoretical calculations on the bonding characters of Zn-Al framework show a sharp 

transition within a narrow range of vec and the result parallels the experiments (narrow phase 

width). 
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(a) BaZn2 

(b) B7AI13 

Figure 1. Gemaral views of (a) BaZn2-type structure and 9b) BavAl^ type 
structure. Black sticks are used to present the ionic firework 
on each structure and the unit cell is outlined. 



www.manaraa.com

(a) (b) 

Figure 2. (a) The structure of Model A viewed along [ 100], The thermal ellipsoid parameters are drawn with 99% 
probability size, (b) The Zn network near z = 0.5 (50% probability size). The unreasonable interatomic 
distances are labeled. 
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(a) (b) 

Figure 3. The structure of Model B with 99% probabihty size of thermal ellipsoid parameters, (a) A general 
view near [100]. (b) The Zn network near z = 0.5 showing the unreasonable thermal displacement 
parameters and interatomic distances. 
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Figure 4. Theoretical powder patterns of (a) Ba7Al|} and (b) BauZnjAUz- The graphs 

were generated by GSAS software package. * 
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Figure 5. The crystal structure of BauZnfAlaz projected along [100] (Model C). Ba 
atoms are drawn in isolated light gray spheres and Zn/Al atoms are white 
and dark gray spheres connected by black sticks (d < 2.9 A). The thermal 
ellipsoid parameters are drawn with 99% probability size. 
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cubic diamond 

Figure 6. The Ba substructures in BaHZnsAljz- The Ba-Ba contacts within each sub 
structure (d < 3.9 A) are connected but omit the contacts between 
substructures, (a) distorted cubic close pack (ccp) on Ba4, BaS and Ba7 
atoms (2) distorted cubic diamond structure on Bal, Ba2, Ba3 and Ba6 
atoms. 
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Figure 7. A single slab of ; {[MAl4][Al5])-j {[MAUJCAlj]} (M = Zn + AI). 

M8-M11 atoms are drawn in dark gray color and the other Al atoms are 
white. Ba atoms are omit for clarity. 
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oct'2 

oct-l 

(a) (3838)(38*)(8^) network (BauZnsAl::) 

(b) (3636) network (BavAIu) 

Figure 8. (a) The (3838)(38^)(8^) network from BauZnsAljzXb) The (3636) 
network from Ba7Ali3. The dashed rectangles in both (a) and (b) 
represent the similar building unit from Kagome net. 
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Figure 9. (a) The regular Frauf polyhedron from Ba7Ali3. (b) The polyhedra 
units for BauZnjAh: centered by fial(l), Ba2 (II), Ba3 (III) and 
Ba6 (IV). 
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(a) 

BaAli (MgCu2-type) MgZni 

(b) 

(c) 

c MgZn2 

MgCu2 + BaZni 

« ® 

Ba(Zno 19AI0 81 )i 93 (Bai4Zn5Al22) 

J J J 

BaAli 76 (BstAIi j )  

J J J 

J J J 

BaAli 67 (Ba3Als) 

MgZni 

J J 

J J J 

J J J 

BaAl|.2s (Ba4Als) 

Figure 10. Projection of the structures presenting the structure transition in various 
Ba-Al and Ba-Zn-Al phases. Gray spheres are Ba atoms and small circles 
connected by black sticks are Zn/AI atoms. Partial structure(s) is labeled 
on right side of each figure. The MgZnj structure is presented for 
comparison, (a) 3D structures: MgCu2- and MgZnj-type. (b) 2D 
framwork: Ba^ZnsAh: and BaTAln structures, (c) 2D framework; 
BasAls and BoiAls structures. 
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Figure 11. The DOS and COOP curves from the theoretical calculations of [Alj?]"'. 
Dashed lines denote the Fermi energy of vec= 104 e". (a) Total DOS 

(solid line), PDOS of I [Al?] (black shadow) and I [AI5] layers (gray 

shadow), (b) COOP curves for three types of Zn-Al contacts in I [Alj](l, 

solid), j [AI7] (II, long dashed), and between I [AI5] and j [AI7] layers 

(III, round dot). 
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Table 1. Summary of reaction compositions and products identification for various ternary 
Ba-Zn-Al reactions 

Reactions Identified Phase Comment 

I. Ba(ZnxAl|.x)2 

BaZno.4Al|.6 

BaZnosAli.j 

BaZno gAl|.2 

BaZni 2AI0.8 

BaZni 2sA1O 75 

BaZni 4AI0.6 

BaZni.sAlo.5 

BaZn: 

II. Ba7(ZnxAl|.x)i3 

Ba7(Zno.23Alo,77)i3 

Ba7(Zno46Alo.54)i3 

Ba7(Zno.62Alo.38)i3 

HI. Bai4Zn$Al22 

Bai4Zn5Al22 

Ba,4Zn5Al22(M) + Al(t) 

BauZn5Al22(M) + Al(t) 

BaAUCM) + Ba7Ali3(m) 

BaZnsCM) + Ba7Ali3(m) 

BaZns(M) + Ba7Ali3(m) + BaAUCm) 

BaZn5(M) + BaZn2(m) + Ba7AIi3(m) + BaAUCm) 

BaZn2(M) + Al(m) 

BaZn2(M) + BaZn(m) + BaZns(m) 

BauZn5Al22(M)+A1 (t) 

BaZns (M) + BasAlsCm) + Al(t) 

BaZn4 5AI0.S (M) + Ba3Als(m) + AI(t) 

powder, single crystal 

powder, single crystal 

powder 

powder 

powder 

powder 

powder 

powder 

powder, single crystal 

powder 

powder, single crystal 

Bai4Zn5Al22(M) + AI (t) powder 

' M = major phase; m = minor phase, t = trace 
amounts. 
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Table 2. Summary of Single Crystal Refinements on ternary Bai4Zn5Al22 compounds. 

No. Refined Formula a. A h. A c, A Volume, A^ Rl/wR2(%);GOF 20„^ toil/uniq reflns 

Model A 

I Ba7Zn3AI,o" 6.071(2) 10.510(2) 17.224(5) 549.33(18)0.0583/0.1407/1.095 50.0 1408/425 

Model B 

2 Bai4Zn3oAl27o'' 10.541(4) 6.086(3) 17.431(7) 1118.2(8) 0.101/0.301; 1.76 56.7 3100/1323 

Model C 

3 Bai4Zn4 76(5)Al22 24(5)'' 10.474(2) 

4 Ba,4Zn5oAl22o' 10.451(2) 

5 Bai4Zn3.oAl22.o'' 10.540(6) 

6.0834(14) 34.697(8) 2210.5(9) 0.0585/0.1651; 1.165 56.7 9495/1785 

6.075(1) 34.687(7) 2201.8(8) 0.0761/0.2322; 1.53 56.7 7072/2781 

6.083(3) 34.84(2) 2234(2) 0.0967/0.2746; 1.058 56.7 6330/2782 

6 Model D 

Bai4Zn4Al23 ** 20.979(5) 12.179(3) 69.50(2) 1.17(3)xlO'NA 56.7 22576/6919 

* Room temperature Siemens P4 data.** Room temperature CCD data. Low temperature ( 163(2) K) CCD data. 
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Tabk 3. Crystal Data and Conditions of Data Collection for Bai4Zn4.7«s)Al22j4<s * 

Refined Composition Bai4Zn4.76(S>Al22J4<s) 

Instrument Smart CCD 

form wt (g/mol) 5676.36 

Crystal size, mm 0.05x0.08x0.3 

Space group, Z I2/m, 2 

aiA) 10.474(2) 

ft(A) 6.0834(14) 

c(A) 34.697(8) 

0, " 
90.814(4) 

2210.5(9) 

dcalc (g/cm^) 4.264 

Abs coeff (mm') 15.264 

Transmission range 0.455-1.000 

Temperature, K 298(2) 

Rl, wR2 (all data)** 0.0585, 0.1651 

Goodness-of-fit on 1.165 

Extinction coefficient 0.00004(4) 

(Ap) max, min (e/A^) 4.196, -2.323 

* from Model C (No. 3) 
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Table 4. Atomic coordinates, site occupancy and isotropic displacement parameters (A^) for 
BauZaj 76(5)Al22 24(5). Ueq is defined as one third of the trace of the orthogonalized Ujj tensor. 

atom site X y z Ueq Site occ. 

Bal 4i 0.5032(1) 0 0.0535(1) 0.016(1) 

Ba2 4i 0.9748(1) '/i 0.0544(1) 0.018(1) 

Ba3 4i 0.8253(1) 0 0.0898(1) 0.013(1) 

Ba4 4i 0.8337(1) 0 0.1966(1). 0.013(1) 

BaS 4i 0.3296(1) '/2 0.1971(1) 0.013(1) 

Ba6 4i 0.3294(1) Vi 0.0882(1) 0.013(1) 

Ba7 4i 0.5026(1) 0 0.2486(1) 0.024(1) 

M8 8j 0.2223(2) 0.2074(4) 0.0087(1) 0.022(1) Zn 0.842(4) 

A1 0.158(4) 

M9 2a 0 0 0 0.018(2) Zn 0.191(4) 

A1 0.809(4) 

MIO 4i 0.6573(5) -'/j 0.0895(1) 0.014(1) Zn 0.214(4) 

A1 0.786(4) 

M i l  4i 0.6184(4) '/2 0.0144(1) 0.023(1) Zn 0.386(4) 

A1 0.614(4) 

A112 4i 0.11648(6) 0 0.2018(2) 0.014(1) 

AIU 4i 0.8346(7) 0 0.2975(2) 0.014(2) 

A114 8j 0.5720(4) 0.2311(8) 0.1458(1) 0.015(1) 

AII5 8j 0.10778(4) -0.7396(8) 0.1430(1) 0.015(1) 

A1I6 4i 0.1616(6) 0 0.811(2) 0.013(1) 

A117 4i 0.3360(6) 0 0.1434(2) 0.015(2) 

A118 4i 0.8428(6) '/2 0.1454(2) 0.015(2) 
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Tabic 5. Selected Bond length [A] for Bai4ZnsAl22-

Bal -Bal 3.709(3) Ba6 -MS x2 3.456(2) 

-Ba3 3.585(2) -MIO 3.434(5) 

-Ba6 x2 3.7521(12) -Mil 3.992(5) 

-M8 x2 3.540(2) -Mil 3.608(4) 

-M8 x2 3.832(2) -All4x2 3.604(5) 

-M10x2 3.656(3) -All 5x2 3.583(5) 

-Mil x2 3.548(2) -All 6x2 3.520(3) 

-Mil x2 4.041(3) -All7 x2 3.596(4) 

-All 4x2 3.563(5) 

-A116x| 3.717(6) Ba7 -All 2 3.872(7) 

-All 7x1 3.601(6) -All 2x2 

-All3 x2 

3.921(4) 

3.846(4) 

Ba2 •Ba2 3.816(3) -All 3 3.849(7) 

-Ba3 x2 3.6432(12) -All 4x2 3.911(5) 

-Ba6 3.879(2) -All5 x2 4.132(5) 

-M8 x2 3.476(2) -All 7 4.022(7) 

-MS x2 3.538(2) -Alls 3.999(7) 

-M9x2 3.5907(10) 

-MIO 3.558(5) MS -M8 2.524(5) 

-Mil 3.963(5) -MS 3.559(5) 

-All5 x2 3.558(5) -M9 2.662(2) 

-All 6x2 3.727(4) -MIO 4.061(5) 

-Alls 3.466(6) -Mil 

-All 6 

2.575(4) 

2.889(6) 

Ba3 •Ba4 3.704(2) 

-MS x2 3.672(2) M9 -All 6 3.262(7) 

-M9 3.6368(14) 

.M10x2 3.514(2) MIO -Mil 2.633(7) 

-All 4 x2 3.596(5) -All 4 x2 2.708(6) 
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Table 5. (Continued) 

-All5 x2 3.573(5) -All 8 2.724(8) 

-All 6 3.540(6) 

-All 8x2 3.604(4) M i l  -Mil 2.661(9) 

Ba4 -Ba7 x 1 3.932(2) AI12 -All 5 2.728(7) 

-Ba? x2 3.9649(13) -All 7 2.724(9) 

-All 2 3.469(7) 

-All 3 3.502(7) A113 -All 4 2.729(7) 

-All3x2 3.523(4) -All 8 2.736(9) 

-All 4x2 3.530(5) 

-A115x2 3.554(5) AI14 -All 4 2.811(10) 

-All 8x2 3.525(3) -AI14 3.272(10) 

-A117 2.844(7) 

Ba5 -Ba6 3.781(2) -All 8 3.274(8) 

-Ba7 x2 3.9530(13) 

-Ba7 3.980(2) A115 -All 5 2.915(10) 

-All 2x2 3.503(3) -All 5 3.169(10) 

-All 2 3.507(7) -All 6 2.819(7) 

-All 3 3.518(7) -All 7 3.134(7) 

-A114x2 3.525(5) -All 8 2.863(7) 

-Al l s  x2 3.531(5) 

-A117x2 3.568(3) A116 -All 7 2.812(9) 
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Table 6: Anisotropic displacement parameters (A'x 10^) for Bai4Zn5Ai22-

Uu U22 U33 U23 U ,3 U,2 

Bal 0.019(1) 0.014(1) 0.016(1) 0 -0.002(1) 0 

Ba2 0.026(1) 0.010(1) 0.017(1) 0 0.001(1) 0 

Ba3 0.016(1) 0.008(1) 0.015(1) 0 -0.001(1) 0 

Ba4 0.017(1) 0.009(1) 0.012(1) 0 -0.001(1) 0 

Ba5 0.017(1) 0.009(1) 0.012(1) 0 -0.001(1) 0 

Ba6 0.017(1) 0.007(1) 0.015(1) 0 -0.002(1) 0 

Ba7 0.026(1) 0.016(1) 0.032(1) 0 -0.003(1) 0 

M8 0.018(1) 0.020(1) 0.024(1) -0.004(1) -0.004(1) -0.002(1) 

M9 0.042(4) 0.018(4) 0.056(5) 0 0.017(4) 0 

M I O  0.029(3) 0.021(3) 0.031(3) 0 -0.004(2) 0 

M i l  0.036(3) 0.011(2) 0.021(2) 0 0.008(2) 0 

AI12 0.020(4) 0.009(4) 0.012(3) 0 -0.001(3) 0 

AI13 0.020(4) 0.011(4) 0.012(3) 0 0.000(3) 0 

A114 0.020(2) 0.013(3) 0.012(2) 0.000(2) 0.001(2) 0.001(2) 

A115 0.018(2) 0.012(3) 0.014(2) 0.000(2) 0.000(2) 0.001(2) 

A116 0.014(3) 0.007(3) 0.018(3) 0 0.000(3) 0 

A117 0.022(4) 0.010(4) 0.012(3) 0 0.003(3) 0 

A118 0.024(4) 0.009(4) 0.012(3) 0 0.004(3) 0 

U,j =exp(-27i-(a*^i/iih^ + b*^U22k^ + + 2a»b»(/,2hk + 2a*c*UuM + 2b»c*(;23kl) 
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Table 7. Formal charges of (Zn/Al) sites for Bai4Zn5Al22 

Atom Al/Zn occp. e' pair 2c2e 3c2e Formal charge 

i[Al5] 

A112 1.00/0.00 1 3 0 5 -2 

AI15 x2 1.00/0.00 0 2 2 3.33 -0.33 

AiI6 1.00/0.00 0 3 I 3.67 -0.67 

A l l ?  1.00/0.00 0 2 2 3.33 -0.33 

Total Charge; -3.67 

i(MAl4] 

M I D  0.77/0.23 0 4 0 4 -1.23'' 

A113 1.00/0.00 1 3 0 5 -2 

A114 x2 1.00/0.00 0 2 2 3.33 -0.33 

Alls  1.00/0.00 0 2 2 3.33 -0.33 

Total Charge; -4.23 

i(M7l 

M 8 a x 2  0.18/0.82 0 3 1 3.67 •0.67'' 

M 8 b x 2  0.18/0.82 0 2 2 3.33 -1.15" 

M9 0.81/0.19 I 2 1 4.67 -1.83" 

M i l  x 2  0.67/0.33 0 4 0 4 -1.37" 

Total Charge: -9.85 

Total charge: ( i[Ai5]) x2 + (i [MAU]) ^2 + i[M7] = -25,65 

* # e = bonding electrons 
^ Fonnal charge = [(Al occp)*3 + (Zn occp.)*2] - (# e). 
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CHAPTER 7 

GENERAL CONCLUSIONS 

The structure and properties of intermetallic compounds in Ae-Zn-Al systems are 

presented in this thesis. The studies of ternary Ae-Zn-Al intermetallic compounds ofTer a 

better understanding for the effects of vec on crystal structure, atomic site preference, and 

phase width of solid-state compounds. General conclusions are summarized below: 

1. What factors affect the phase width? 

Figure 1 illustrates the relationship between the vec, average coordination number 

(ave. C.N.) and the intermetallic compounds synthesized and characterized in this thesis. The 

observed compounds essentially cover the whole range of vec from 2.0 to 4.0. The 

coordination numbers of these sites are flexible, which can vary from 7 (vec < 3) to 3 {vec > 

3). Compounds over a wide range of vec are obtained in the R-phase ( Li-Mg-Zn-Al system, 

2.0 < vec < 2.5) and AeZnxAU * (3.0 < vec < 3.5, Ae = Sr, Ba) systems. On the other hand, 

compounds with nearly precise vec exist in the BaZnioAh (vec = 2.33) and BauZnsAljz (vec 

= 3.85) phases. There is no definitive correlation between vec value and the occurrence of a 

phase width. 

Theoretical studies on these compounds revealed the effects of Zn*AI bonding to the 

phase width. For system with wide phase widths (e.g., R-phase system), the orbitals near the 

Fermi level contain a range of Zn-AI non-bonding character (from COOP curves, near zero 

overlap coefficient) but non-zero contributions to the electronic states (from DOS curves). 

Such an electronic structure allows the system to be flexible within a range of vec and 
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maintain bonding among Zn>Al contacts. According to the theoretical studies for R-phase 

system, the calculated vec range is consistent with the X-ray and neutron studies. Similar 

results are also found in the AeZnxAi4.x system. Moreover, the observed vec for BaZnioAb 

and BaZnoj4(5)Ali.59(5) systems are close to the optimized bonding of Zn-Al contacts. The 

COOP curve from average Zn-Al contacts presents a sharp transition from bonding to 

antibonding character at the Fermi level. These results indicate that the Zn-Al bonding is 

stable in a narrow range of vec. The stable composition contains filled bonding levels and 

empty antibonding levels in the COOP curves. 

vec ave. CN. 

Zintl Phase ^4.0 ^4 

4.0 
BdZn4Al22 (3.85) 3.8 

vec —Ae(ZnxAl,.j4 (3.0-3.5) 4.5 

3.0 

BaZnioAlz 

(Mg)2.y(Zn,Al,.J3*y (2.22-2.47) 5.3-6.1 
(Li,Mg)52(Zn,AI),o. (2.0-2.24) 6.1 

BaZn,oAl2 (2.33) 9 

2.0 

Humc-Rothcry Phase ^2.0 ^12 

Figare 1. Summaiy of the identified intermeullic phases vs. vec. 
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2. What factors aflect the site preference? 

The site preference for electropositive (alkaline earth metal) and electronegative 

elements (Zn and Al) were identified by single crystal X-ray and neutron diffraction analyses 

for series of Ae-Zn-AI intermetallic compounds. Structural analyses show that the positions 

of alkaline earth metals always locate on the positions with long interatomic distances 

(usually > 3.0 A) and are fully occupied. On the other hand, atomic positions for Zn and Al 

have short interatomic contacts (2.5 < d < 2.8 A) between two (Zn/Al) sites and could be 

mix-occupied by different Zn/Al ratios. Theoretical studies on the intermetallic systems with 

vec < 3 eVatom indicate that the electropositive atom (e.g. Mg and Li) prefers to occupy the 

positively polarized sites and the electronegative atom (e.g. Zn and Al) favors the negatively 

polarized sites. The results are consistent with the relative electronegativities between (Li, 

Mg) and (Zn, Al). The other factor affect the atomic sites site preferences is the relative 

Zn;Al compositions. The results from the R-phase studies show that the Zn- and Al-rich sites 

with nearly fixed Zn/Al ratios exist in both Zn-rich (low vec) and Al-rich R-phases (high 

vec). Beside these sites with fixed composition, there are atomic sites that allow a range of 

Zn/Al ratios. These atomic sites are responsible for the phase width of some intermetallic 

systems (e.g.. Ml, M3 site in R-phase system). In AeZnxAU.x phases, Zn and Al atoms prefer 

to occupy different atomic sites (Ml and M2). The effect of alkaline earth elements to the site 

preferences in Zn-Al networks is observed in the AeZn^AU-x system. The interatomic 

distance were affected by alkaline earth metal that the large cation tends to increase the 

degree of Zn/Al disorder on the Zn-Al network. 
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The relative atomic site potential could be compared by relative Mulliken population 

analyses from extended-HUckel band calculations. This analysis is able to distinguish the 

electropositive from electronegative elements in systems with vec lower than 3. 

3. What factors affect the crystal structure? 

The relationship between the vec to crystal structure (ave. C.N.) is shown in Figure I. 

For Zn-rich phase (low vec), the structures of the Zn-Al network are complex and each atom 

contains more than four interatomic contacts. A special building unit, the icosahedral Mu 

clusters, is observed not only in BaZnioAU but also in the R-phase system. The coordination 

number for Zn/Al sites gradually decreases as the vec increases. This trend shows a transition 

from Hume-Rothery type (low vec, high C.N.) to Zintl type (high vec, low C.N.). 

The compound with the highest vec is BaZno.34(5)Ali 59(5) (vec = 3.85) with a Zn-Al 

network that resembles a Zintl phases (C.N. ^ 4). However, the formal charge of each Zn/Al 

sites in BaZno 34(5)AI| j9(S) cannot be assigned clearly by the Zintl-Klemm concept. Although 

the most stable composition is consistent between the theoretical calculations and 

experiments, detailed theoretical studies are necessary to clarify the correlation between the 

site preference and relative site potential in different Zn/Al sites. 
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APPENDIX A. 

REACTION COMPOSITION AND PRODUCT IDENTIFICATION 

Reaction Heating Reaction Products (powder X-ray Diflraction 
Stoichiometry Method 

1. Ba(M(AI|.|)i3 

BaZnioAl3 furnace BaZnioAl2(M) + Al(t) 

BaZngAls furnace BaZns(M) + Ba(Zn,AI)i3(m) + Al(t) 

BaZnsAls fiimace BaZns(M) + Ba(Zn,AI)i3(ni) + Al(t) 

BaZnioAh furnace BaZnioAl2(M) 

BaZnt2Co furnace BaZni2Co(M) 

BaZnuFe furnace BaZni2Fe(M) 

BaZni2 furnace BaZni2.77(M) 

BaFeCujAI? arc welder Ba(Fe,Cu,AI)i3(M) + AI(t) 

BaFe2CuAl8 arc welder Ba(Fe,Cu,AI)i3(M) + Al(t) + unknown lines 

BaFeCu4 5Al7 5 arc welder Ba(Fe,Cu,Al)i3(M) + BaFe2Alq(m) + Al(t) 

BaCoCusAl? arc welder Ba(Co,Cu,Al)i3(M) + BaCo2Al9(ni) + Al(t) 

BaCoCusAlg arc welder Ba(Co,Cu,AI)i3(M) + BaCo2Al9(m) + Al(t) 

BaCo2CuAl8 arc welder Ba(Co,Cu)2Al9(M) + Al(t) + Unknown lines 

BaNiCusAb arc welder Ba(Ni,Cu,Al)n(M) + Al(t) + unknown lines 

BaNi2CuAig arc welder Ba(Co,Cu)2Alq(M) + Al(t) + Unknown lines 

LaCu6Al7-LaFe6Al7 arc.anneal La(Cu, Fe, AI)i3(M) + Al(t) 

BaCoeAb arc,anneal BaCo2Al9(m) + unknown lines 

II. R-phascs 

Mg2Zn3 furnace MgZn2(M) + Al(t) 

Mg2ZnAl2 furnace R-phase<M) + Al(t) 

Mg2Zn2Al furnace R-phase(M) + Zn(t) 

MgjAb furnace MgjAbCm) + Al(m) + unknown lines 

Mg52 Alios furnace Mgi7Ali2 (M) + unknown lines 

Mg52Zn2oAl88 furnace R-Phase(M) + MgnAI^Cm) 
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APPENDIX A. (Continued) 

34 MgszZotoAlbg furnace R-phase(M) + Al(tr) 

35 Mg52Zn44Al64 furnace R-Phase(M) 

36 Mg52Zn54Al54 furnace R-Phase(M) 

37 Mg52Zn68Al40 furnace R-Phase(M) 

38 Mg52Zn88Al20 furnace MgZn2(M) + Zn(m) + R-phase(m) 

39 Mgj2Znio8 furnace MgZn2(M) + Zn(m) 

40 Li2oMg32Zn3()Al69 furnace R-phase(M) 

41 Li2oMg32Zn85Al23 furnace R-phase(M) + MgZn2(t) + Al(t) + Mg2Znii(t) 

42 Li24Mg28Zn36Al72 furnace R-phase(M) 

43 Li32Mg2oZn39Al69 furnace R-phase(M) + MgZn2(t) + Mg2Znii(t) 

44 Li32Mg2oZn85Al23 furnace R-phase(M) + MgZn2(t) + Mg2Znii(t) 

45 Li52Zn32Al76 furnace R-phase(M) + LiZn(t) + LiAl(t) 

46 Lis2Zn39Al69 furnace R-phase(M) + Zn(t) 

47 Lis2Zn48Al6o furnace R-phase(M) + Zn(t) 

48 Li52Zn76Al32 furnace R-phase(M) 

49 Mg28EU24Zn36Al72 furnace Eu(Zn,Al)4(M) + MgZn2(m) + R-phase<t) + 

Al (t) + Zn (t) 

50 Mg28Ca24Zn36Al72 

IV. Ae(Zii.AI,..)4 

furnace Ca(Zn,Al)4(M) + MgZn2(m) + R-phase(t) + 

Al (t) + Zn (I) 

51 CaZnAb furnace CaZn^AUxCm) + CaZn2(m) + CaAhCm) + 
CaZn3(m) 

52 SrZnAb furnace SrZnAb (M) + Al(t) 

53 BaZnAb furnace BaZnAb (M) 

54 MgZn2Al2 furnace MgZn2 (M) + Al(m) 

55 CaZn2Al2 furnace CaZn2Al2 (M) + Al (t) 

56 SrZn2Al2 furnace SrZn2Al2 (M) + AI (t) 

57 BaZn2Al2 furnace BaZn2Al2 (M) 

58 CaZnsAI furnace CaZniAUxCm) + CaZns(M) 



www.manaraa.com

212 

APPENDIX A. (Continued) 

59 SrZnjAl furnace SrZn*AU-x(m) + SrZnjCM) + A1 (t) + Zn (t) 

60 BaZn^AI furnace BaZnxAl4.x(m) + BaZns(M) 

V. Ba(ZniAl|.i)2 

61 BaZno4Al| 6 furnace Bai4Zn5Al22(M) + Al (t) 

62 BaZno 5AI15 furnace Bai4Zn5Al22(M) + Al (t) 

63 BaZno.gAli 2 furnace BaAU(M) + Ba7Ali3(m) 

64 BaZni 2AI0.8 furnace BaZns(M) + Ba7Ali3(m) 

65 BaZni 25AI0 75 furnace BaZns(M) + Ba7Ali3(m) + BaAUm) 

66 BaZni 4AI0.6 furnace BaZns(M) + BaZn2(m) + BavAluCm) + 
BaAl5(m) 

67 BaZni 5AI0 5 furnace BaZnjCM) + Al + unknown lines 

68 BaZn2 furnace BaZn2 (M) + BaZn(m) + BaZns(m) 

69 Ba7(Zno.23Alo77)i3 furnace Bai4ZnsAl22(M) + Al (t) 

70 Ba7(Zno 46A1O 54)13 furnace BaZnj (M) + BasAlsCm) + unknown lines 

71 Ba7(Zno.62AIo.3g)i3 furnace BaZn4 sAlo 5 (M) + BasAlsCm) + unknown lines 

72 Bai4ZnsAl22 furnace Bai4Zn5Al22 (M) 

VI. Other reactions 

73 MnAlo arc welder MnAUCm) + Al(m) + unknown lines 

74 MnAL, arc welder Al (m) + unknown lines 

75 MnAl3 arc welder Al (m) + unknown lines 

76 BaMnAU arc welder Al (m) + unknown lines 

77 LaMnAI? arc welder Al (m) + unknown lines 

78 BasCujAb arc welder Ba(Cu,Al)4 (M) + unknown lines 

79 Ba3Ag2Al7 arc welder Ba(Ag,AI)4 (M) + unknown lines 

80 BasAujAh arc welder Ba(Au,AI)4 (M) + unknown lines 

81 MgbZnsAlg arc welder MgZn2(M) + R-phase(m) + unknown lines 

82 Mg6Ag5Alg arc welder Mg2Zni ] (?) + unknown lines 

83 Mg2CU6Al5 arc welder Mg2Cu6Als (?) + Cu 

84 MgsZnnAl} arc welder MgZnj (M) + Mg2Znii (?) + unknown lines 

Note: M = major, m = minor, t = trace. 
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APPENDIX B. 

SUMMARY OF SINGLE CRYSTAL REFINEMENTS ON VARIOUS 

ALUMINIDES 



www.manaraa.com

1. Ba(M(AI|.x)i3 (space group, Fm3c, no. 226) 

No. Reactions Refined Comp. a (A) Rl/wR2(%); GOF 20^ totl/uniq reflns Filename 

1 BaZnioAb BaZnio |AI| 9 12.243(1) 2.14/5.60/1.049 55 3927/107 971113 

2 BaZnioAh BaZnii.oAli.o 12.2300(10) 2.57/8.09/1.082 55 733/107 980123 

3 BaZnioAl2 BaZnio 7Al| 3 12.2483(11) 2.32/5.82/1.052 60 1496/133 980909 

4 BaZnioAl2 BaZnio6AI| 4 12.2425(15) 3.88/9.07/1.064 70 463/191 980913 

5 BaZni2 BaZn)2 77 12.337(2) 2.05/5.31/1.149 56 799/116 Mil40 

6 BaZni2 77 BaZni2 75(i) 12.3220(4) 1.77/4.74/1.22 60 953/1.39 990112 

7 BaZni2Fe BaZn^Fe 12.330(2) 2.95/7.18/1.241 60 881/138 990113 

8 BaZnijCo BaZni2Co 12.3434(8) 2.00/6.43/0.998 60 1548/139 980911 

9 BaZn^Co BaZni2Co 12.333(3) 4.21/11.93/1.085 70 486/199 980914 

10 Ba(Ni,Cu)sAl8 Ba(Ni,Cu)$Alg 12.243(1) 3.92/11.14/1.023 54 3821/497 971117 

11. R-phases: Mg-Zn-AL (space group, Im3 , no. 204) 

Reactions 

No. Mg:Zn:AI Refined Formula*' a  ( A )  Volume (A^) RI/wR2(%);GOF 2 0 ^  TotlAJniq Filename 
Reflns 

11 MgjZnAb Mg52Zn43 7(4)Al64 3,4) 14.3324(9) 2944.1(3) 2.62/3.03;0.924 56* 6350/675 milOl 

12 MgzZnAh Mg52Zn44 4(9)Al63 6(9) 14.3656(8) 2964.6(3) 3.89/5.54; 1.075 45' 3938/362 980511 

13 MgzZnAb Mg52Zn42 5(3)Al65 5(3) 14.364(2) 2963.9(6) 3.26/5.95;0.928 55' 893/566 980513 

14 Mg2ZnAl2 Mg52Zn42(2)Al66(2) 14.341(2) 2949.2(6) 3.21/6.64;0.959 50' 777/492 980802 
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15 Mg2ZnAl2 

16 Mg2ZnAl2 

17 Mg2Zn2Al 

18 Mg2Zn2AI 

19 Mg2Zn2Al 

20 Mg2Zn2Al 

21 Mgs2Zn2oAl88 

22 Mg52Zn2oAl88 

23 Mg52Zn2oAlg8 

24 Mgs2ZlU4Al64 

25 Mg52Zn44Al64 

26 Mgs2Zn44AlM 

27 Mg52Zn54Al54 

28 Mgs2Zn54Al54 

29 Mg52Zn68Al40 

30 Mg52Zn68Al40 

Mg52Zn42 3(4)Al65 7(4) 

Mg52Zn39 8(4>Al68 2(4) 

Mg32Zn75 5(6)Al33 5(6) 

Mg52Zn64 3(4)Al43 7(4) 

MgS2Zn64 8(4)Al43 2(4) 

Mg52Zn63 5(3)Al44 5(3) 

Mg52Zn34 6<3)Al73 4(3) 

Mg52Zn33 0(3)Al75 0(3) 

Mg32Zn32 |(5)Al75 9(5) 

Mg52Zn53 2(3)Zn54 8(3) 

Mg52Zn49 3(3)Al58 7(3) 

Mg52Zn52 7(2)Al55 3(2) 

MgS2Zn55 3(4)Al52 7(4) 

MgS2Zn54 3(3)Al53 7(3) 

Mg52Zn70 I{7)Al37 9(7) 

Mg52Zn62 6(5)Al45 4(5) 

14.347(2) 

14.395(1) 

14.168(1) 

14.157(2) 

14.126(2) 

14.126(2) 

14.3939(4) 

14.412(1) 

14.416(2) 

14.2827(9) 

14.338(1) 

14.297(1) 

14.283(1) 

14.303(1) 

14.138(1) 

14.224(5) 

2952.9(6) 3.58/8.61; 1.055 

2982.9(4) 3.16/5.87; 1.068 

2843.7(4) 4.17/3.11;0.986 

2837.1(6) 3.31/6.15; 1.028 

2818.5(6) 4.46/9.76; 1.002 

2818.5(6) 5.88/9.19;1.015 

2982.2(1) 2.08/7.26; 1.064 

2993.3(4) 2.11/4.01; 1.003 

2995.7(8) 6.71/3.53;0.808 

2913.6(3) 2.01/6.91; 1.064 

2947.8(5) 2.86/8.79; 1.068 

2922.4(4) 2.42/3.19; 1.071 

2914.0(4) 1.68/3.64; 1.087 

2926.1(4) 2.27/3.40; 1.012 

2825.9(4) 2.34/3.72; 1.001 

2877.6(2) 4.13/5.60; 1.005 

50' 778/490 980801a 

56" 5171/684 mil30 

56" 9324/677 mi 105 

45" 839/281 980514 

50' 748/473 980817 

75' 7907/1362 980818 

40' 1052/268 981119 

56" 5476/692 mil 19 

56" 2760/686 mil22 

50' 2798/683 981012 

45' 1391/375 981013 

56" 8958/680 mil 15 

56" 5356/679 mil23 

56" 5450/681 m i l l 3  

56" 4925/648 mil20 

108" 16594/2916 mil 18a 
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HI. R-phases: Li-Mg-Zn-AI (space group, Im3 , no. 204) 

No. 

Reactions 

Refined Formula ^ Volume, RI/wR2(%);GOF 2B„ax totl/uniq reflns Filename 

Li28Mg24Zn;. sAl72,1 

31 

32 

33 

Lizo 4Mg3i bZngs 4AI22 6 

Li2o oMg32 oZngg i Al 19.9 

Lii9 5Mg32 sZng? 0AI21,0 

14.1109(17) 2809.7(6) 2.91/5.00; 1.077 57 2695/645 mil21 

14.1063(11) 2807.0(4) 3.03/5.20; 57 3346/643 mil29 

14.084(2) 2793.6(4) 3.52/9.58; 1.091 60 2321/767 981208 

Li2gMg24Zn36Al72, II 

34 Li32 2Mg|9gZn39 2Al68g 

35 Li3|.6Mg204Zn39 3Al6g.3 

36 Li34 6Mg|7 4Zn36 sAl7| s 

14.0929(15) 2799.0(5) 

14.101(7) 2804(2) 

14.081(2) 2791.8(5) 

3.81/3.22;0.947 57 2641/645 mil28 

5.77/7.89; 1.074 57 2350/652 mil31 

3.77/8.21/0.928 60 2281/767 981207 

Lis2Zn4gAl6o 

37 

38 

39 

Li32Zn5| 2Al56 g 

LiszZnso 7 AI57 3 

Li52Zn5o 7 AI57 3 

13.9544(18) 

13.933(2) 

2717(3) 

2704.6(5) 

13.9328(18) 2704.7(6) 

4.21/4.74; 1.058 57 2520/610 mil41 

3.0I/9.68/I.I5I 60 7 78/772 990114 

3.27/9.68;l.l51 60 2422/778 990117 
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IV. AeZiiiAU-x (space group, 14 / mmm, no. 139) 

No. 
Reactions 

Refined Formula a.c A Volume, A3 Rl/wR2(%);GOF 20^ totl/uniq reflns Filename 

X=1 

40 

41 

42 

43 

SrZno 98(2)Al3 02(3) 

SrZn|.04(2)Al2 96(2) 

BaZni.23(4)Al2 77(4) 

BaZni |g(6)Al2 g2(6) 

x = 2 

4.2988(4) 

11.538(2) 

4.2912(7) 

11.517(2) 

4.4751(8) 

11.425(2) 

4.4677(7) 

11.416(2) 

213.21(5) 

212.08(6) 

227.89(6) 

227.89(6) 

2.91/8.83; 1.193 

2.38/6.28; 1.228 

1.90/5.06; 1.234 

1.75/4.33; 1.023 

60 

60 

60 

60 

418/114 

790/112 

802/126 

1500/126 

990515 

990516 

990517-1 

990517-2 

44 

45 

46 

CaZn2 0(i)Al2 0(i) 

CaZn2.0(i)Al2 0(i) 

SrZno 98(2)A!3 ©2(3) 

4.1243(8) 

I1.56(K2) 

4.1281(9) 

11.525(2) 

4.2889(8) 

11.423(2) 

196.6(2) 

196.39(7) 

210.13(6) 

3.51/7.67; 1.030 

1.49/4.02; 1.022 

1.51/4.15; 1.051 

60 

52 

120 

728/103 

1140/62 

2740/113 

980216 

980215 

980218 
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47 SrZn2.2i(4)AI| 89(4) 

48 SrZn2.24(i>AI| 86(1) 

49 SrZn2 I6(3)AII 84(3) 

50 BaZni 85(8)Al215(8) 

51 BaZlli 84(4)Al2 16(4) 

52 BaZni 78(4)Al2 22(4) 

53 BaZiii 6«(«)Al2 32(8) 

54 BaZni 76(8)Al2 24(8) 

55 BaZni.66(8)Al2 34(8) 

4.2832(6) 208.56(5) 

11.384(2) 

4.2856(5) 208.99(6) 

11.379(2) 

4.2840(4) 209.07(3) 

11.392(2) 

4.472(1) 228.6(1) 

11.430(4) 

4.4768(6) 228.54(6) 

11.403(2) 

4.4712(6) 228.63(6) 

11.436(2) 

4.4584(3) 226.6(2) 

11.402(3) 

4.4568(2) 226.0(2) 

11.378(7) 

4.458(2) 226.6(2) 

11.404(4) 

2.74/6.3; 1.13 

1.91/4.90; 1.174 

3.54/9.56; 1.075 

2.87/6.64; 1.042 

1.36/3.19; 1.077 

1.79/2.89; 1.124 

2.47/6.74; 1.077 

1.94/5.27; 1.083 

3.49/8.04; 1.089 

55 509/94 980215 

55 622/94 980817a 

75 1375/196 980908 

55 340/100 980129 

60 1409/118 980213 

60 1500/119 980214 

70 316/80 980823 

60 410/121 980824 

75 1432/211 980825a 
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V. Ba(Zn x A I |.x)2 (space group, IHm, no. 12) 

No. Refined Fonnula a . b . c K  Volume, Rl/wR2(%);GOF 2 0 ^  loll/uniq reflns Filename 

Model A 

56 BavZnsAlio 

Model B 

57 Bai4Znj.oAl27.o 

6.071(2) 549.33(18) 5.83/14.07/1.095 

10.510(2) 

17.224(5) 

10.541(4) 1118.2(8) 10.1/30.1; 1.76 

6.086(3) 

17.431(7) 

50.0 1408/425 c2 

56.7 3100/1323 mil39 

Model C 

58 Bai4Zn4.76(5)Al22.24(5) 

59 Bai4Zns.oAl22o 

10.474(2) 2210.5(9) 5.85/16.51; 1.165 56.7 9495/1785 mil06b 

6.0834(14) 

34.697(8) 

10.451(2) 2201.8(8) 7.61/23.22; 1.53 56.7 7072/2781 mil08a 

6.075(1) 

34.687(7) 
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60 BauZns 0AI22.0 10.540(6) 2234(2) 9.67/27.46; 1.058 56.7 6330/2782 mil46 

6.083(3) 

34.84(2) 

Model D 

61 Bai4Zn4Al2} 20.979(5) l . I 7 ( 3 ) x I 0 ' N A  56.7 22576/6919 mi 146 

12.179(3) 

69.50(2) 

VI. Other Single Crystal Data 

No Refined Comp. Cell Space Rl/wR2(%);GOF 20^ totl/uniq reflns Filename 

• Group 

62 MgZnz 5.2306(4) P6}/mmc 2.01/2.59/1.221 132 2602/141 980220 

63 BaZns 10.832(2) Cmcm 9.25/22.85/1.172 65 1058/502 980912a 

8.457(3) 

5.353(1) 

64 EuAU 4.4109 I4/mmm 1.47/3.58; 1.06 60 739/125 981212 

11.4252 
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65 EuZnn 

6 6  M g n A l i j  

10.705(4) l4/mmm 

10.700(7) 

6.873(3) 

10.455(9) 14301 

2.28/4.99; 1.091 

2.03/3.36/1.036 

60 1356/322 981211 

58 4234/291 mil09a 
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APPENDIX C. 

ELECTRONIC STRUCTURE STUDIES OF BazPdPj AND RELATED 

COMPOUNDS 

Abstract 

The effect of valence electron count per formula unit (t^EQ on the anionic 

substructure of BajPdPi and related compounds, which are related to AIB2 structure type, is 

studied by the semiempirical Extended-HUckel tight-binding (EHTB) method. The 

calculations include molecular, one dimensional (ID) chains and two dimensional (2D) 

sheets to examine the relative stability between different structures. The results suggest that 

the transition from low to high-dimensional structure is affected by the K£C. 

Introduction 

Solid-state compounds containing layered structures with hexagons as a building unit 

exist not only in planar (e.g. graphite and AIB2) but also in puckered forms (e.g. a-As and 

SnP]).' The structural feature of tliese compounds is the 6^-type two-dimensional (2D) 

network. Many ternary compounds MxABa with such 2D network have been synthesized 

(M=alkali, alkaline earth or rare earth element; A = late or post transition metal; B = group 

14-15 elements; x = 2). A few examples of AlB2-type derivatives are listed in Table 1.^^ 

Compounds with distorted AIB2- or a-As-type structures have been reported that contain ID 

chains. The first example is Ba2PdPj (FEC = 29 e~), which contains j[PdP3^'] planar zigzag 

6 
chains. The second example is KsSnSbs (K£C = 32 e~) with puckered polyacene type ID-

chains.^ In these compounds, the 6^-net (planar or puckered) is broke to form discrete ID 
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chains. The relationship between VEC and structural trends in these compounds is similar to 

8-10 
the 3D to 2D transitions along the sequence PdP2-PdPS-PdS2 {VEC = 20-22 e ). The 3D 

structure is not stable when the additional electrons flII high-lying antibonding orbitals of the 

3D structure, therefore, the structure favors a lower dimensional network." In this study, the 

effect of the electronic configuration on structural stability was examined theoretically by a 

series of models. 

Structures of MiABj Materials 

Figure 1 shows the structure of AIB2 and two ternary derivatives, U2RuSi3 and 

Ba2PdP3.^' U2RuSi3 contains planar l [RuSis^] sheets (VEC = 26 e) separated by U atoms. 

Ru can be replaced by Rh or Pd and each gives a ^[TSi3^] sheet with a different 

superstructure of the AIB2 structure type.^'^ As the VEC increases to 29 e'/formula unit, an 

6 
interesting compound, Ba2PdP3, was reported, which contains a pseudo layer structure with 

discrete zigzag ^[PdP3^'] chains (Fig. Ic) made up of three P3 units coordinated to each Pd 

atom in a planar manner. Both Pd and P3 units propagate along the chain by a 2i screw-axis. 

According to the ZintI concept, the formal charge on P3 unit can be assigned as P'' (terminal, 

one connection) and P^' (central, two connections).'^ This assignment implies that the formal 

charge of Pd is +1 (d^) in a planar environment. The other assignment may be 

[Ba^*]2[Pd°][P3^'] based on the known binary phase of K4P3 (contains P3^' unit).'^ The 

average P-P bond distance in Ba2PdP3 is 2.203(3) A, which is less than the P-P distance in 

12 
black phosphorous (2.228 A, Bond order = 1.0) but longer than P-P distance in K4P3 (2.183 

A; Bond order = 1.25). This result indicates that the bond order of P-P in BajPdPs is slightly 
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larger than a single bond but not as strong as the P-P bond in K4P3. The above assignments 

show that the formal charge of Pd and P cannot be clearly defined. The odd number of VEC 

(29 e'/PdPj"'') suggests that BajPdPj contains a half-filled band, which may lead to metallic 

and/or magnetic properties or structural distortions to form a stable superstructure. However, 

no physical measurements of this compound have been reported. 

Compounds with puckered 6^-sheets and ID chains are observed in a-As, SnPj and 

KaSnSbj (see Figure 2).' ^ The building unit for these materials is the chair hexagonal unit. In 

this system, the VEC range is between 29 and 32 e7formula. The structure of SnPs (VEC = 

29 e~) features Sn in a trigonal pyramidal coordination to three P atoms and chair form of Pa 

rings. The average bond angle within the layer is 100°. The KjSnSbs (VEC = 32 e") contains 

polyacene-type [, [SnSbj"^] chains with the same average bond angle as SnP3. 

Electronic Structure of ID Chains 

1. BajPdPj: The electronic structure of BajPdPs was studied by Extended-HUckel tight-

14-20 
binding (EHTB) calculations. Parameters for all theoretical calculations are given in 

Table 2. In this study, a planar molecular unit Pd(P3)3"' (1) and an ideal ID chain I [PdPs^ ] 

(2) were used to understand the formation of the zigzag 1D chain. The MO diagram of 1 is 

shown in Figure 3a. The orbital energies indicate an energy gap between MO No. 35 and 36 

(AE = 7.5 eV). Therefore, a possible highest occupied molecular orbital (HOMO) is No. 35 

(Pd(P3)3'''). The interaction between Pd and the P3 units in the HOMO is antibonding in 

character. 
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1 2 

A similar feature of the electronic states also observed in the density of states (DOS) 

curve for the ID chain, J, [PdP}"*'] (2). The bonding characters of Pd-P and P-P contacts were 

evaluated by crystal orbital overlap population (COOP) curves, which illustrate bonding 

(positive, right side) or antibonding (negative, left side) character for an interatomic 

interaction as a function of energy. The results, shown in Figure 3b and 3c, indicates that P-P 

contacts show bonding interactions below -16 eV, and bonding interactions for Pd-P and P-P 

contacts between -9 and -15 eV. The Fermi level of 2 at VEC = 29 e/formula (Pd(P3)3''', Ef= -

10.2 eV) lies near the top of a large peak that shows weakly antibonding character for the Pd-

P and P-P contacts. The result suggests that the Ba2PdP3 is a metallic compound. The Pd 4d 

band (shaded area in Fig. 5a) is essentially below the Fermi level (Mulliken population of 

Pd(4d) = 9.80). The maximum VEC of 2 is 30 e'/formula (Ef = -9.8 eV) and additional 

electrons (VEC >30) will fill high-lying bands with strong P-P antibonding character. The d 

band of Pd atom is nearly filled and s, p orbitals contribute to higher-lying states near the 

Fermi level. The formal charge of Pd and P may be written as I [Pd'^j'^*®] at VEC = 29 

e"/atom. 
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The DOS cun'e of [PdPs] suggests a possible configuration of 30 e/formula. On the 

other hand, COOP curves of Pd-P and P-P contacts show antibonding character that prefer to 

have lower VEC. To address the effect of the interatomic interaction, the band structure of 2 

was analysized (two [PdPj] per unit cell, 42 orbitals/cell). The bands No 27-30 for 2 are 

shown in Figure 4 with their orbital diagrams. Tliese bands are degenerate at X(O.S, 0, 0) due 

to the two symmetry related [PdPa] units (2i symmetry) for each unit cell. Bands No 27-30 

can be grouped into two categories, <l>(x,y) (No. 27-28) and <D(z) (No. 29-30). When VEC = 

29 e", the Fermi level is located at the degenerate point of <l)(z) (No. 29, 30) at X(0.5, 0, 0). 

The bandwidth of cl)(29) is -0.5 eV. The energy of <I)(29) at RO, 0, 0) is lower than at X(0, 0, 

0) because of the long-range P-P 7r-bonding interactions. The band 0(30) (E ~ -10.3 eV) is a 

combination of P(pj;) and Pd(dx2, dyz) orbitals with a very narrow bandwidth (~ 0.1 eV), 

which is responsible for the sharp peak in the DOS curve near -10.0 eV. The other two 

bands, 0(27) and 0(28), contain orbital interactions in the (x,y) plane. The average 

bandwidth of 0(27) and 0(28) is 0.7 eV. The bonding character of Pd-P and P-P contacts at 

VEC = 29 e is n-antibonding (see Figure 4). 

Four distorted models were constructed to study the effects of structural distortions to 

the stability of the ID chain. Structural distortions may occur in some solid-state systems 

with partially occupied bands (second John-Teller theorem).*' The distorted structure (intra-

or intercell interactions) may change the electronic structure near the Fermi level to stabilized 

the system and the partially filled band may split to form a energy gap. The calculated band 

structures of distorted ID chains are shown in Figure 5. The first and second distorted 

structures (2A and 2B) contain compressed Pd-P and P-P distances (2.1 A). Both 2A and 2B 
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contain crossing bands 0(28) and (D(30) near the F point (0.0, 0.0, 0.0). The Fermi levels in 

these models are equal or higher than the ideal structure 2 when FEC = 29 e"/formula. The 

third and fourth models (2C and 2D) contain short P-P contacts and alternate short-long 

distance of Pd-P and P-P bonds. These models show band gaps at the X point (AE ~ 0.7 eV). 

The highest occupied band for both models at VEC - 29 e7fomiula is 0(28), which is 

different with the ideal chain at <D(29). For model 2D, the compressed [PdiPb] unit stabilizes 

the intra-atomic interaction (bonding characters) while the expanded intercell distance 

decrease the inter-cell interactions (antibonding characters). The net effect stabilizes 0(28) at 

r point and 0(29) at X point (band gap AE = 0.6 eV). The analyses suggest that the distorted 

Pd-P and P-P contacts may open a energy gap and stabilize the 1D chain. 

2. Polyacene-Type Chain: If each atom in the Pj unit coordinates to Pd to form ID chain, 

the result forms a polyacene type ID structure. This polyacene-type chain exists in CasAbSij 

as l[Si2/iAl4/2'"]. 

Theoretical calculations for this polyacene ID chain were carried out to study their electronic 

structures and stabilities. The results of a MO diagram (based on fragment 3), as well as DOS 
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and COOP curves for 4 are similar to the results of 1 and 2. The band structure of 4 shows 

bands (No. 27-30) contains the similar <I>(x,y) and <l>(z) bands as 2 (see Figure 4). However, 

the dispersion of these bands is different. Energies of 0(x,y) and 0(z) bands are lower at r(0, 

0, 0) than at X(0.5, 0.0, 0.0). The <P{z) and 0(x,y) bands are partially fill when VEC = 29 

e7fonnula. The orbiials near the Femii level are Pd-P and P-P antibonding. 

Band structure calculations of the four distorted structures were performed to study 

the efiect of distortion to the stability of this ID chain, and are shown in Figure 7. The results 

indicate that the decreased Pd-P and P-P distances not only stabilize band 0(28) at X, but 

also destabilize <D(29) at the P point. The net effect gives a small energy change of Fermi 

level for each model. Three distorted models (4B, 4C and 4D) generate a band gap and their 

Fermi levels are higher than 4 at VEC = 29 e7formula. 

3. Puckercd ID Chain: Another type of ID structure containing cyclohexane-type rings 

(chair form) as building units. The K3SnSb3* {VEC = 32 e') contains the isolated ID 

I [SnSb3^] chains with such distorted hexagon units. The formation of this puckered chain 

may be driven by the nature of the Sn atom. The inert pair effect from the Sn 5s valence 

electrons affects the bonding interaction between Sn and Sb. At the same time, the group 1S 

elements (Sb) also prefer to form trigonal-pyramidal units. 
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ccco 
5 6 

Puckered ID chains were studied to evaluate their electronic structure and stability. 

The results of MO diagram and DOS curve for 5 and 6 are shown in Figure 8 (A modified 

Pd' parameter containing inert 5s parameter was used and listed in Appendix). According to 

the MO diagram, the HOMO (No. 36) shows Pd'-P and P-P antibonding character. The DOS 

curve indicates that the VECMA.X is 32 e'/formula, which is more than in the planar 1D chain 

(2 and 4, 30 d formula) due to a low-lying 5s orbital in Pd'. The theoretical calculations for 

another puckered model (7 and 8) show similar results and are not shown. 

7 8 
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4. Relative Stability of Planar and Puckered Chains: According to the observed ID 

structures (Table I), the zigzag planar chain 2 exists in BajPdPj while the puckered chain 6 

exists in KjSnSbi. A question may arise: Why the planar and puckered chains form different 

kinds of structural connections? In this section, the relative stability for planar (2 and 4) and 

puckered (6 and 8) ID chain isomers was studied to examine the structural preference 

between zigzag and polyacene type models. The total energy of the top four bands (No. 27-30 

for planar and No. 29-32 for puckered structures) for each model were used to calculate the 

relative stability between zigzag and polyacene type ID chains. Based on the frontier orbital 

theory, these bands near the highest occupied crystal orbital are important for the formation 

of the respective 1D structures. The relative energy of the planar and puckered chains are 

depicted in Figure 9. The results indicate that: 1) the relative stability between 2 and 4 shows 

W-shaped curve. The zigzag type, 2, is energetically favored when VEC > 29. The stability of 

the planar chain depends on the FEC. Comparing with the experiment, the observed zigzag 

chain 2 (from BajPdFj) is more stable than polyacene-type chain 4. 2) The energy stability 

between 6 and 8 also gives a W-shaped curve. The ID chain 8 (same as the KjSnSbj) is more 

stable than 6 for KEC > 30 e'. The trend from the calculations is consistent with experiments. 

The electronic structure of 6'-shcet 

Following the theoretical studies of various I-D chains, extended Pd-P and P-P 2D 

frameworks are discussed in this section. These models contain planar (9 and 10) and 

puckered 6^-sheet (II and 12). The study was focused on the efTect of I^EC toward the 

stability between ID and 2D structures. 
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1. Planar 2D sheet: The 2D planar structure 9 is made up of interconnected ID chains 2. 

The 2D space group of 9 is P2gg that contains 2\ screw-axes along x- and y-axes. The 

structure of 9 is similar to the "pseudo 2D layer" of Ba2PdP3 (Figure Ic). A branched 

phosphide I [Pb] polymer is formed between two connected 1D chains (see middle part of 9). 

Compared with the 1D structure 2, the 2D sheet 9 creates inter chain P-P contacts between 

two ID chains (PI-PI and P2-P2). Figure 10 is the calculated DOS (shaded area is Pd d 

band) and COOP curves (intra- and interchain P-P contacts) for 9, with the Fermi levels at 

VEC = 24, 28 (UiPdSij) and 29 (BajPdPj) e7formula. A band gap forms (-5.5 to -8.5 eV) at 

VEC = 28 e'/formula (Fermi level = -8.5 eV). The COOP curves for Pd-P and P-P contacts 

indicates that these bonds are optimized at VEC ~ 24 e". 

9 10 

The structure of 10 is constructed by connecting 6 to form a 2D structure with a 

hexagonal unit cell (2D space group P6m). This 2D network is observed in U2RuSi3.^ The 

results of band calculations for 10 show similar trends as 9. 

The stability between ID and 2D structures can be understood by the concept of 

frontier orbital interactions.^' When two ID chains are connected to fonn a 2D sheet, a a-
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type interaction is formed between <t>(28) bands (see Figure 4). The orbital interaction of 

0(28) bands is illustrated in II. Since the 0(28) band is filled in ID chain at FEC = 29, this 

interchain interaction is not stable. 

The projected DOS curves (PI(ipy) band) for 2 and 9 are shown in Figure 12 to 

illustrate the effect of the interchain interaction to crystal orbital distribution. For the ID 

model, the Pl(ip,) band is mostly below the Fermi level, which is like an electron pair 

localized on PI. On the other hand, the PDOS of Pl(ip..) band is separated into two regions 

of low (-10.0 - -25.0 eV) and high energy (-5.0 -0.0 eV) in the 2D model. The Fermi levels 

for 9 at VEC = 29 is filled to the high-energy band (Ef = -3.2 eV) with P-P antibonding 

character. 

11 

At this point, the theoretical studies indicate that an antibonding interaction for the 2D 

systems at f^EC = 29 e'/formula. The COOP curves for Pd-P, P-P contacts are optimized at 
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VEC. The effect of VEC on Fermi levels of 1-D and 2-D structures is examined and shown in 

Figure 12, which clearly indicates that the Fermi levels of 2D sheets (9 and 10) increase 

dramatically when the VEC is higher than 28 e'/formula. The value is lower than VEC for the 

ID chains (2 and 4, VEC > 30). The experiments show that the VEC of BaaPdPj is 29 e" and 

the VEC range of the AlBj-type phases (with M2AB3) is between 22 and 28 e.^ The 

theoretical results in this study are consistent to the observed data. 

2. Puckered 2D Sheet: 12 and 13 are models with puckered 6^-sheet (interconnected 1-D 

chains of 6 and 8). Note both Pd and P atoms are coordinated by three atoms in a Cjv-like 

environment. The puckered structure 12 contains a branched [P' ] ID polymer (2-D space 

group P2). There is no observed compound similar to the 2-D framework in 12. Another 2-D 

network 13 contains 3m symmetry prependicular to the plane (2-D space group is P3ml). 

This particular layer structure is found in the crystal structure of InPs and SnPs. 

13 12 

The electronic structure of 12 and 13 are studied to analyze the bonding character of 
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Pd-P and P-P contacts. The same bond distances and angles as in the puckered 1D chains (6 

and 8) are used in this study. The results from DOS and COOP curves show similar features 

as 9 and 10. The maximum VEC 's of puckered 2D sheets are 30 e". which is two electrons 

less than for puckered 1D chains due to the inert 5s band from the post-transition metal. The 

obscr\'ed compounds KiSnSb, (FEC = 32 e, USnSbj^"]) and SnPj (FEC = 29 e, KSnPj]) 

show a similar trend as the theoretical study. 

3. Relative stability of planar and puckered sheets: The relative stability between planar 

(10) and puckered (12) 2D models is depicted in Figure 13.. The same atomic parameters of 

Pd and P were used for both models. The results indicate that the puckered structure is more 

stable than the planar structure at high FEC region (> 27). The comparison between planar 

and puckered sheets is similar to the trigonal planar to pyramidal distortion of AH3 (D3h ^ 

C3v) molecules.^' The puckered structure is more stable than the planar at high FEC region 

due to the additional electron in nonbonding orbitals. 

Conclusions 

The effect of FEC and the electronic configuration on the structural stability of 

Ba2PdP3 and related structures are discussed. This study demonstrated the effect of FEC to 

the stability of ID vs. 2D as well as planar vs. puckered structures. The ID chain is more 

stable than the 2D sheet at high FEC because the electrons fill nonbonding states of the 1D 

chain. The formation of a puckered structure is affected by the geometry as well as the nature 

of post-transition metal. 
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Computational Details 

All electronic structure studies of 1-D and 2-D models were calculated by the 

extended Hiickel tight-binding method. 1^-20 Densities of states (DOS) and crystal orbital 

overlap population (COOP) curves were calculated from 100 k-points in the first Brillouin 

zone. The program developed by Dr. G. J. Miller was used for theoretical calculations. The 

atomic parameters used in this paper are shown in Table 2. A modified Pd' with an inert 5s 

orbital was used in the calculations of puckered models to simulate the post transition metal. 

The bond distances and bond angles have been modified as described below; The regular 

bond distances of Pd-P and P-P are 2.33 A, which are obtained from the average bond 

distances in Ba^PdPa. The bond angles of P-P-P or P-Pd-P in the planar model is 120® for 

planar and 110° for puckered models. The distorted models in the band structure study 

contain P-P distances of 2.1, 2.33,2.6 A. 
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Table 1. Ternary phases with the formula AitBCs 

Formula VEC structure type Ionic network Ref 

KjSnSbj 32' SnP3 derivative [SnSb.,^ ] 1D chain, puckered 2 

SnPj 29+ 
a-arsenic ^ [SnPj] 6^ sheet, puckered 3 

BazPdPs 29 AIB: derivative [PdPj-* ] , zigzag planar 1D chain 6 

U2PdSi3 28 AlBi 6^ sheet, planar 5 

U.RhSij 27 AIB: 6^ sheet, planar 5 

UiRuSis 26 AIB: 6^ sheet, planar 7 

; The d electrons of Sn and In are included. 

Table 2. Atomic Parameters for Extended HUckel Calculations 

Orbital H(ii) C C: 

P 3s -18.6 1.88 

3p -12.5 1.63 

Pd 5s -8.64 2.19 

5p -2.68 2.15 

4d -12.65 5.98 0.5265 2.61 0.6374 

Pd'' 5s -16.16 9.99 

5p -2.68 2.15 

4d -12.65 5.98 0.5265 2.61 0.6374 

' ; The H„ of Pd(5s) is replaced by Sn(5s). 
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Figure 1. The AlBi-type structures: a) AIB2. b) UjRuSis and c) Ba2PdP3. 
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Figure S. Calculated band structures of distorted J [PdPj]"' (2). The distorted structure is drawn on 

top of each diagram. Black and gray circles are Pd and P atoms. Thick, regular and dash 

sticks represent short (2.1 A), middle and long (2.6 A) interatomic distances. Dash line on 

each band structure is the Fermi level at VEC =• 29 e. 
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Figure 7. Calculated band structures of distorted polyacene ID chain (4). The distorted structure is 

drawn on top of each diagram. Black and gray circles are Pd and P atoms. Thick, regular 

and dash sticks represent short (2.1 A), middle and long (2.6 A) interatomic distances. Dash 

line for each band structure is the Fermi level at VEC = 29 e. 
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Figure 8. a) MO diagram for puckered molecular unit 5, b) DOS curve 

for puckered polyacene ID chain 6. The horizontal dashed lines 

indicate the position of the Fermi level at VEC = 29 and 32 e'; 

the shaded area in the DOS curve is the projected Pd' 5s band. 

See appendix for the modified parameters of Pd'. 
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Figure 9. The relative stability for a) planar (2 vs. 4) and b) puckered (6 vs. 8) 1-D 

chains. The models 2 and 7 are used as the reference. For each VEC, the 

model with lower energy is more stable. 
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Figure 10. a) The DOS curve of 9 with the projection of Pd 4d orbitals (shaded area), b) The 

COOP curves of Pd-P bonds, intrachain P-P (I), and interchain P-P(n) contacts. 

The dash lines indicate the position of Fermi energy at VEC = 24, 28 and 29 e'. 
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Figure 12. The Fermi levels for 1-D (2,4) and 2-D (9,10) models as a 

function of VEC. 
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2D sheets as a function of VEC, The model with lower energy is 

more stable. 
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