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Two crystalline approximants (ACs) and their corresponding icosahedral quasicrystal (i-QC) are obtained in the
Ca—Au—Ga system through conventional solid-state exploratory syntheses. Single crystal structural analyses reveal
that the 1/1 AC, CasAu,Garex (X = ~ 9.3—12.1) [Im3, a = 14.6941(6)—14.7594(6) A], has the empty cubes in
the prototypic YCds (= Y3Cdis) now fully occupied by Ga, resulting in a 3:19 stoichiometry. In parallel, the distorted
cubes in the 2/1 AC, CarsAuss 1Gazss [Pa3, a = 23.9377(8) A] are fully or fractionally occupied by Ga. The valence
electron count per atom (¢/a) for the 2/1 AC (1.64) is smaller than that over the 1/1 AC composition range (1.76—2.02),
and the e/a of the Cais2AusosGasss i-QC, 1.84, is somewhat distant from typical values for Tsai-type i-QCs
(~ 2.0). Comparisons of the gallium results with the corresponding In phases suggest that the structural differences
result mainly from size rather than electronic factors. The 1/1 and 2/1 appear to be thermodynamically stable on
slow cooling, as usual, whereas the i-QC isolated by quenching decomposes on heating at ~660 °C, mainly into
2/1 AC and Cag(Au,Ga);s. Calculations of the electronic structure of 1/1 AC suggest that the Fermi sphere—Brillouin

zone interactions remain important for the Ca—Au—Ga i-QC.

Introduction

The discovery of the first icosahedral quasicrystal (i-QC)
in an AI—Mn alloy' broke a serenity within the realm of
traditional crystallography because this material exhibited a
non-crystallographic icosahedral symmetry.” Later on, sci-
entists from diverse fields intensively baked QCs with respect
to different aspects (theory, synthesis, structure, properties,
etc.), possibly driven by the experience (or lesson) that a
new type of material might have unpredicted applications,
as nanoscale materials have in recent years. Actually, QCs
play unique roles in the understanding of some basic theories
(e.g., friction on surfaces®) and of high dimensional crystal-
lography. However, two decades have passed and the major
applications of QCs and their crystalline neighbors, approxi-
mants,* remain limited to specific alloys and to surface
coating materials, despite evidence that some QCs appear
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to posses potential merit as thermoelectrics,” catalysts,® and
hydrogen storage,” photonic,®’ and bio materials.'® The
reasons may have substantial connections with the small
number of known QCs. After all, there are to date no more
than 200 QC systems, and only about one-third of them are
thermodynamically stable ones.'' This fact suggests that
development of novel QC/AC systems remains the bedrock
of further studies of QCs.

Not many chemists are well informed about QC/ACs
though. One starting place are Hume—Rothery mecha-
nisms,'? which are also considered to play important roles
in the electronic stabilization of many QCs."* To chemists,
therefore, knowledge about the interplay among composition,
crystal structure, electronic structure, and properties acquired
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in the study of polar intermetallic and Zintl phases may
greatly aid explorations for novel QCs/ACs. For example,
the polar alkali-metal intermetallics containing heavier triels
(Ga, In, TI) exhibit distinctive structural regularities: thallium
examples in general exhibit isolated empty or filled icosa-
hedra, whereas Ga- and In-rich intermetallic phases feature
more extended frameworks of condensed icosahedra and
related clusters.'*~!” Clusters with icosahedral symmetry are
commonly accepted as the building blocks of QC/ACs.
Therefore, we speculate that selected polar intermetallic or
Zintl phases containing triel elements (particularly for, but
not limited to, Ga and In) might, under optimal conditions,
be structurally and electronically tuned to ACs and, eventu-
ally, to QCs.18 In addition, late transition metals as third
components can be good “electron buffers” in tuning to QC/
AC phases; they generally reduce the overall valence electron
counts per atom (e/a), thus affording opportunities to push
e/a closer to or into the region of Hume—Rothery phases
(<2.0).

The forementioned understandings have been particularly
applicable to the Tsai-type icosahedral QCs (i-QCs),' for
which the 1/1 ACs are isostructural with the prototypic
YCdy.>° For example, the ScZng phase,21 earlier mis-reported
as ScsZn;7,2% can be gradually converted into AC and QC
phases as y in the Sc3Cu,Zn;s., formula is increased from 0
to ~2.2.2">3 The discoveries of other i-QCs in Sc—M—Zn
(M = Ni, Fe, Co) systems by other groups also appear to
follow similar intuition or experience.”* Other ex-
amples'®?~?? include the utilization of electronic tunings
to gain the ACs and i-QCs from the isotypic Mg,CusGas,
Mg,Zn;,, and Na,Auglns. On one hand, these Mg,Zn,;-type
compounds can be viewed in terms of simple cubic packing
of endohedral clusters containing, successively from the
center out, an icosahedron, a pentagonal dodecahedron, and
a larger icosahedron, all with local icosahedral symmetries.
On the other hand, they have evidently similar-sized Fermi
spheres and Brillouin zone boundaries, characteristic quali-
fications for the Hume—Rothery rules.

Our recent study of the Ca—Au—In system reveals that
the CaszAujszIngs 1/1 AC and the CajzgAusyolnygg 2/1 AC
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exhibit considerable differences in shell contents and many
more split positional disorder than the corresponding
Sc—Mg—Zn ACs.?®?° The disorder has nothing to do with
the thermal history of samples, but it is possibly a result of
a lower differentiation both radially (in size) and chemically
between gold and indium elements. In this work, we report
the syntheses, phase widths, and crystal structures of 1/1 and
2/1 ACs in the neighboring Ca—Au—Ga system, together
with the evidence for the i-QC phase. We have also recently
obtained the corresponding 1/0 AC, CaAus;,Ga;, (x =
0—0.13).%° The replacement of indium by the smaller gallium
certainly provides an ideal playground for the study of size
effects on crystal structures because in many cases indium
and gallium have similar electronic contributions in polar
intermetallics, and their difference in Mulliken electronega-
tivities is minimal; Ga, 3.2 eV; In, 3.1 eV.>!

Experimental Section

Syntheses. Elements as calcium chunks, gallium ingots, and gold
sheets (all >99.99%, Alfa-Aesar) were weighed (£0.1 mg) in a
N,-filled glovebox with moisture levels below 0.1 ppmv. The
mixtures (~400 mg) were placed in tantalum containers that were
then weld-sealed under an argon atmosphere and in turn enclosed
within evacuated SiO, jackets (> 107° torr). Samples were typically
treated with the following reaction temperature profile: heat to 850
°C, hold at this temperature for 24 h, cool to 500 °C at a rate of 2
°C/h, and anneal there for three weeks. In contrast, samples of
quasicrystals were obtained directly by quenching the containers
at 850 °C into cold water, crushing the SiO, jacket immediately
thereafter. All products are metallic, brittle, and relatively inert to
moisture and air at room temperature. Selected reactions and
products are given in Table 1, together with the lattice parameters
for 1/1 and 2/1 ACs refined from powder data.

Thermal Analyses. 1/1, 2/1 ACs and i-QC samples (20—50 mg)
were held in alumina crucibles which were mounted on the sample
holder of a PerkinElmer Differential Thermal Analyzer (DTA-7).
Samples were typically heated under Ar to 620 °C at a rate of 10
°C/min, kept at this temperature for 10 min, and cooled to 200 °C
at the same rate. XRD patterns pre- and post-DTA scanning were
also recorded for phase identification.

SEM-EDX. Elemental compositions were determined via semi-
quantitative energy-dispersive X-ray spectroscopy (EDX) on a
JEOL 840A scanning electron microscope (SEM) with IXRF X-ray
analyzer system and Kevex Quantum light-element detector. To
avoid the influences of sample tilting, all samples (mounted in
epoxy) were carefully polished. Samples were first scanned by
means of back scattered electrons, through which different phases
were represented by regions with different darknesses. Elemental
proportions for selected single-phase areas were then measured.
At least four readings were made (on different areas) for each
interesting single-phase region, and the averages were used to
compare with the compositions refined from single crystal X-ray
diffraction data.

X-ray Diffraction. Phase identities and purities were checked
on the basis of powder diffraction data collected on a Huber 670
Guinier powder camera equipped with an area detector and Cu Ko
radiation (1 = 1.540598 A) and calibrated with LaBs. The detection
limit of a second phase with this instrument and system is
conservatively estimated to be about 5 vol % in equivalent scattering
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Ca—Au—Ga System

Table 1. Loaded Reactions, Products at 500°C, and Refined Lattice Parameters (A) for 1/1 and 2/1 ACs®

normalized Ca/Au/Ga (%) e/a products” latt. para.© remarks
10.0/30.0/60.0 2.30 15% 1/1 AC + 10% Ca(Au,Ga)s + 75% U, 14.7042(6)
10.0/40.0/50.0 2.10 65% 1/1 AC + 35% U, 14.7145(6)
10.0/50.0/40.0 1.90 95% 1/1 AC + U, 14.7594(6) crystal 3
10.0/55.0/35.0 1.80 70% 1/1 AC + 30% 2/1 AC 14.790(1) 23.953(1)
10.0/60.0/30.0 1.70 95% 2/1 AC + U3 23.981(1)
10.0/70.0/20.0 1.50 30% 2/1 AC + 65% 1/0 AC + Uz 23.9816(9)
14.3/28.6/57.1 2.29 10% 1/1 AC + 60% Ca(Au,Ga)s + 30% U, 14.6732(7)
14.3/35.7/50.0 2.14 35% 1/1 AC + 50% Ca(Au,Ga); + 15% U, 14.6737(6)
14.3/42.9/42.9 2.00 75% 1/1 AC + 25% Caz(Au,Ga)y; 14.6960(6)
14.3/42.9/42.9 2.00 >95% 1/1 AC (by centrifuging) 14.6941(6) crystal 1
14.3/46.4/39.3 1.93 80% 1/1 AC + 20% Caz(Au,Ga);; 14.7226(6)
14.3/50.0/35.7 1.86 >95% 1/1 AC 14.7306(6) crystal 2
14.3/57.1/28.6 1.72 >95% 2/1 AC 23.9377(8) crystal 4
14.3/64.3/21.4 1.57 90% 2/1 AC + Uj 23.9620(8)
15.0/52.5/32.5 1.80 80% 2/1 AC + 10% 1/1 AC + 10% Casz(Au,Ga)|; 23.8829(9)
15.0/60.0/25.0 1.65 70% 2/1 AC + 30% 1/0 AC 23.9433(8)

“ All products were obtained by slowly cooling from melt and annealing at 500 °C for 3 weeks, except that crystal 1 was isolated by melt spinning method
(see text). The i-QC is not observed at this temperature. ® Caz(Au,Ga)y; refers to solid solutions with same structure as CazAug ¢Gay4,*> whereas Ca(Au,Ga)y,
refers to solid solutions with same structure as CaAugsGass.*> Uy denotes unidentified phases. “ Lattice parameters were refined from five to nine of the
strongest peaks within 20°—70° for 1/1 or 2/1 ACs, or for both if peaks were discernible.

power, so that an apparently single phase pattern is concluded to
represent a > 95% phase purity. Peak searching was done with
the aid of Winplotr,> and lattice parameter refinements were
performed using program UnitCell.** The lattice parameters refined
from powder data were used with single crystal refinements for
bond distance calculations.

Single crystals were mounted on a Bruker APEX CCD single
crystal diffractometer equipped with graphite-monochromatized Mo
Ko (1 = 0.71069 A) radiation. Room temperature intensity data
were collected in a @ scan, within 260 = ~ 3-—57°, from 1315
frames defined by a hemisphere, with an exposure of 30 s/frame.
Data integration and Lorentz polarization, and so forth, corrections
were made by the SMART software packages,* and numerical
absorption corrections were applied using the X-RED/X-SHAPE
program.®>> Full-matrix least-squares refinements on F,2 were
performed with the aid of the SHELXTL v 6.1 program.>®

Electronic Structure Calculations. Because of computing
limitations, only the electronic structure of the 1/1 AC was
calculated. The calculations were performed by means of the self-
consistent, tight-binding, linear-muffin-tin-orbital (LMTQ)*"~%°
method in the local density (LDA) and atomic sphere (ASA)
approximations, within the framework of the DFT method.*
Interstitial spheres were introduced to achieve space filling. The
ASA radii as well as the positions and radii of these empty spheres
were calculated automatically. Reciprocal space integrations were
carried out using the tetrahedron method. Down-folding techniques
for outer Ca 4p, Au 5f, and Ga 4d orbitals were applied, and
relativistic scalar effects were included in calculations. The band
structure was sampled for 24 x 24 x 24 k points in the irreducible
wedge of the Brillouin zone.
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Results and Discussions

Syntheses and Phase Widths. The experience gained
from earlier synthetic explorations®'?®?? suggests that sto-
ichiometric reactions of AB,C¢.. (A, electropositive metal;
B and C, electronegative metals) with e/a = 2.0 & ~0.3,
are a good rule-of-thumb guide for possible Tsai-type AC/
QC phases. In this study, the first exploratory synthesis of
the target “CaAuysGa,” yielded an essentially pure 2/1 AC
phase according to its X-ray powder pattern. Later single-
crystal structure analyses revealed a space group Pa3, a =
23.9377(8) A, and a refined composition Ca;3Aus7.12)Gaz3 44
(e/a = 1.64) or normalized, Ca;39Aug) 12)Gazs o). The latter
is consistent with the EDX result within 20, Cajz7¢7)-
Aug.19)Gags o 4). This result was very stimulating because
it not only suggests that, according to experience, the
corresponding 1/1 AC and i-QC phases both exist in this
system, as confirmed by later synthetic results (Figure 1),
but also reveals a 2/1 AC with an unexpectedly low e/a value.
The e/a values for earlier Tsai-type 2/1 ACs are close to 2.0
or above, for example, 2.0 for CasCdye,*' 2.13 for
Sci12Mgs0Zn735,2% and 2.01 for CajaeAussolnage.”” Such a
low e/a value suggests a similarly low value for the
corresponding i-QC, too (1.84, observed) (below).

Figure 2 shows a portion of the phase distributions in the
Ca—Au—Ga ternary system at 500 °C, in which differently
colored pies key the product distributions among diverse
compositions. (The i-QC is not stable at this temperature.)
According to this work, four more unidentified phases exist
in this system, and the earlier reported CaszAug6:Gas 3™ and
CaAusGass* phases both occur within a single solid
solution region. Two messages are new and of particular
interest. First, compared with the Ca—Au—In system (Figure
2ain ref 29), the regions for 1/1 and 2/1 ACs here are roughly
interchanged. This occurs because the present 2/1 AC is
stable with higher percentages of gold in nearly all polya-

(41) Pay Goémez, C.; Lidin, S. Angew.Chem., Int. Ed. 2001, 40, 4037.
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Figure 1. Experimental (black) and calculated (red) patterns according to
single crystal refinement for (a) CazAug3Gag; 1/1 AC and (b)
Caj3Aus7.1Gazz s 2/1 AC. In panel c, the calculated pattern of 2/1 AC is
compared with the experimental pattern of the Ca;s52Ausp3Gasss 1-QC. Small
vertical red bars at the bottom of each panel mark the calculated peak
positions.
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Figure 2. Portion of the phase distribution results for Ca—Au—Ga samples
that were slowly cooled from 850 °C and annealed at 500 °C for three
weeks. Inset codes are given for the AC and other phases. Dark gray, black,
and olive colors key the known CaAus, Caz(Au,Ga);;, and Ca(Au,Ga)s,
respectively. However, the last two exist as single solid solutions rather

than as separate compositions. Orange, white, light gray, and cyan colors
key the four unidentified phases, cf. Table 1.

nionic shells and thus has a smaller e/a value than the 1/1
AC (or the indium 2/1; Table 5). Second, a new phase type,
a 1/0 AC CaAus1,Gay., (x = 0—0.13, e/a = ~1.55—1.60),°
also appears in the present system, in contrast to the unrelated
Ca4AuIOIn344 near this region in the Ca—Au—In system.
Obviously, electronic factors are not apt to be major factors
in these changes because gallium and indium have same
number of formal valence electrons; rather, size factors must

(44) Lin, Q.; Corbett, J. D. Inorg. Chem. 2007, 46, 8722.
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have pronounced influences here, as expected. The DOS
results are also very similar (below).

According to powder X-ray diffraction data, the lattice
parameters for the 1/1 AC, Table 1, fall in the range of
14.6732(7)—14.790(1) A, and for the 2/1 AC, 23.8829(9)—
23.9816 (9) A. These suggest considerable phase widths for
both ACs at 500 °C, and single crystal results for three 1/1
AC samples obtained from different starting proportions
confirm its large Au/Ga variation, that is, (9.2—12.1):
(9.8—6.9). Moreover, these 1/1 AC samples are not at the
phase boundaries (Figure 2), suggesting that a still larger
composition ranges exist. For the 2/1 AC, Au/Ga variations
are also expected, but only the structure of a crystal from
the highest yield reaction is reported here since no new and
interesting points seemed likely to be forthcoming.

A high yield (~80%) of i-QC phase (Figure lc) was
obtained via rapid quenching of nominal CaAusGas (e/a =
2.0) melt from 850 °C into cold water. (Act quickly! The
products are dominated by the 1/1 AC if the transfer from
furnace into water and crushing of the SiO, container is
delayed by several seconds.) The quasilattice constant of this
i-QC (refined by Elser’s method*® from the four strongest
reflections within 20 = 35—45°) is 5.350(2) A. Note the
relative peak positions between the four strongest peaks of
the i-QC and the five strongest peaks of 1/1 and 2/1 ACs in
Figure 1 and in the insets in Figure 3. These are the signature
of the i-QC! The EDX composition of i-QC single crystals
is Caysas)Auso36)Gaza sy (e/a = 1.84), close to two refined
1/1 ACs (e/a = 1.85 for crystal 2, 1.76 for 3) and 2/1 AC
(1.64); see Table 1 and Figure 2. However, quenching of a
nominal CaAusGa, composition (e/a = 1.72) from 850 °C,
which gives highest yield of 2/1 AC in a slow cooling and
annealing process at 500 °C, yields a mixture of i-QC
(~25%), CaAus;Ga 1/0 AC (~60%), and an unidentified
phase (~15%). The quasilattice constant of this i-QC sample,
5.381(9) A, is about 3.50 larger than that obtained (~80%
yield) from a nominal CaAusGa; (e/a = 2.00) reaction. These
results suggest that (1) the homogeneity range of the i-QC
near 850 °C is smaller than that of corresponding 1/1 and
2/1 ACs at 500 °C (Table 1), and (2) the phase relationships
are complex. Attempts to produce the i-QC from the suitable
CaAusGa; with the melt spinning method,*® centrifuging at
660 °C to prevent phase change from i-QC to 2/1 AC (Figure
3b), gave only the 1/1 AC, probably because of the
subsequent slow cooling. No further attempt was made to
obtain pure i-QC.

Phase Stabilities. Figure 3 shows DTA data for the 1/1
AC (crystal 1), the 2/1 AC (4), and the i-QC, respectively,
together with insets of the powder patterns measured before
and after DTA scans. Similar to the thermal behaviors of
the Ca—Au—In 1/1 and 2/1 ACs,* both of the present 1/1
and 2/1 ACs are thermodynamically stable phases as they
reform after the melting and solidification cycles, as shown
by panels a and b. Although the Ca—Au—In 2/1 AC shows
small peaks at ~502 °C in both heating and cooling data in

(45) Elser, V. Phys. Rev. B 1985, 32, 4892.
(46) Fisher, 1. R.; Islam, Z.; Panchula, A. F.; Cheon, K. O.; Kramer, M. J.;
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Figure 3. DTA data for (a) CaszAug3Gag7, 1/1 AC; (b) Caj3Aus7.1Gags g,
2/1 AC; and (c) Cays.25Auso 36)Gaza 54, i-QC. Black squares are DTA data
on heating, and red circles, on cooling. Endothermic effects deflect
downward. Black and red curves show the enlarged portion of X-ray patterns
before and after each DTA scan. Peaks marked with stars in panel (c) are
from the Caz(Au Ga);; phase.

accord with Auln, found in the powder pattern,® similar
peaks do not appear in either pattern for the present 2/1 AC.
The difference suggests that the present 2/1 AC melts
congruently or nearly so at 692 °C.

At first glance, the thermogram cycle for the i-QC, Figure
3c, would suggest a stable i-QC phase because it shows only
the melting/freezing processes at 659 ° and 638 °C, the
difference originating with supercooling of the liquid.
However, the powder X-ray diffraction patterns (inset) before
and after reveal that a phase change occurs during the heating

and cooling cycle, that is, the i-QC (plus ~20% of an
unidentified phase) transforms to ~60% 2/1 AC and ~40%
Caz(Au,Ga);;, a solid solution with structure of
CazAug g Gasso.*> These processes exhibit AH values of
—45.8 and —48.9 J/g, respectively, in the prescribed system
according to the thermal analyses, the difference indicating
that the Ca—Au—Ga i-QC phase is metastable at these and
lower temperatures. This is of course in accord with the
necessary synthetic conditions (quenching rather than slow
cooling, during which the i-QC nucleates first; see Experi-
mental Section). The spontaneous transition of i-QC to the
primitive cubic 2/1 AC has only a small driving force, about
—3.0 J/g in this system, and the complexity of the QC may
also add some kinetic inhibition. In any case, no exotherm
is observed on heating (at least at this heating rate, 10 °/min).
Slow cooling instead results in the separation of the
thermodynamically more stable 2/1 AC with the opposite
and slightly greater enthalpy change. This seems to show a
distinct parallel with the characteristics of the i-QC-1/1 AC
conversion in the Li—Cu—Al system.*” A more complex
result is found on thermal analysis of the corresponding
changes in the Ca—Au—In QC system,29 which could be
understood in terms of the re-separation of the QC closely
followed by a similar exothermic effect at about 500 °C that
was assigned to its decomposition to the 2/1 AC.

Structure Refinements. Assignments of space groups
were made on the basis of the Laue symmetry and systematic
extinction analyses. We note that all Ca—Au—Ga 1/1 AC
single crystals checked exhibited 2 x 2 x 2 superlattice
reflections in some CCD frames (not shown). However,
superstructure refinements were not successful because the
number of the observable superlattice reflections was small
and the intensities, very low. Not surprisingly, all powder
patterns reflections with /I« > 0.05 correspond to the basic
unit cell, Figure la, even in the enlarged one (Figure 3a).
Diffraction data from a higher energy source (e.g., a
synchrotron) could yield the superstructure solution, but the
sizable cost (of endeavor) for this analysis appears to be more
than would be gained. Such a superstructure might be related
to that of BusCdys,* the 2 x 2 x 2 superstructure of EuCd¢*
which is also isostructural with YCde.>®

Three 1/1 AC compositions were refined with the basic
unit cell. The major influences of a superstructure on the
average structure solution possibly would lie in the split
positions, atom occupancies, and the displacement param-
eters. In these cases, the average U, values for all three 1/1
ACs are about 2—3 times larger than those for the 2/1 AC,
and more split positions are found in the former too (below).
All structural models were initialized by the direct
methods, and some lower intensity positions, that is, those
partially occupied or split, were later gained from the
difference Fourier maps. As a check for correct composi-
tions and site assignments, the occupancy parameters were

(47) Shen, Y.; Shiflet, G. L.; Poon, S. J. Phys. Rev. B 1988, 38, 5332.

(48) PayGomez, C.; Lidin, S. Chem.—Eur. J. 2004, 10, 3279.

(49) Pay Gomez, C.; Lidin, S. Phys. Rev. B 2003, 68, 024203.

(50) Villars, P.; Calvert, L. D. Pearson’s Handbook of Crystallographic
Data for Intermetallic Phases, 2nd ed.; American Society of Metals:
Materials Park, OH, 1991; Vol. 1.
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Table 2. Some Data Collection and Refinement Parameters for Three 1/1 (1, 2, 3) and a 2/1 (4) ACs in the Ca—Au—Ga system

1/1 AC

2/1 AC

1

3 4

refined comp.
normalized comp.

CazAug 31yGag 72
Cai36Au42.34)Gass.i(s)

CazAuii.11nGazoa)
Cay3.6Ausg s54)Gassow

CazAugz.11)Gagso)
Cay; 6Auss o)Gazi 4@

Caj3Ausy.1(0Gaxsau)
Cay3.9Au61.12)Gazs.o4)

ela 2.02 1.85 1.76 1.64

fow. 2624.5 2853.1 2981.4 13401.5

space group/Z Im3/8 Im3/8 Im3/8 Pa3/8

latt. const. (A) 14.6941(6) 14.7306(6) 14.7594(6) 23.9377(8)

V (A3 dea (Mg/m?) 3172.7(2)/10.99 3196.4(2)/11.86 3215.2(2)/12.32 13716.6(8)/12.98
refl. coll/Rint 10017/0.0874 10142/0.0763 10195/0.0780 83761/0.2518
indep.refl./restr./para. 720/0/54 730/0/59 740/0/64 5622/0/333

GOF on F? 1.089 1.035 1.091 1.052

RI/WR2 [I > 20(D)]* 0.0581/0.1400 0.0453/0.1105 0.0443/0.1118 0.0520/0.0977
[all data] 0.0774/0.1488 0.0642/0.1180 0.0505/0.1153 0.1333/0.1102

“RI = J||Fo| = |F|V/ZIFol; WR2 = {[Z[w(Fo* — FAVEw(FA}

Table 3. Atomic Coordinates and Isotropic Equivalent Displacement Parameters for Ca—Au—Ga 1/1 ACs (crystals 1, 2, and 3)*

atom Wyck. symm. occ. (%) x y z Uey(A2)
CazAug 31y Gaggy(1)
Aul 24g m.. 0 0.4013(1) 0.3545(1) 0.058(1)
Au/Ga2 48h 1 47.2/52.8(8) 0.1071(1) 0.3412(1) 0.1985(1) 0.051(1)
Ga3 12¢ mm2.. 0.2039(3) 0 12 0.060(2)
Aud 16f 3 77.2(6) 0.1528(1) x X 0.045(1)
Ga4 16f 3 22.8(6) 0.1079(8) X X 0.045(1)
Au5 24¢ m.. 50(1) 0 0.2524(3) 0.0870(4) 0.042(1)
Ga5 24¢ m.. 50(1) 0 0.2239(9) 0.086(1) 0.042(1)
Gab 12d mm?2.. 0.4101(4) 0 0 0.070(2)
Ga7 24g m.. 33.3 0 0.061(1) 0.0829(8) 0.066(4)
Au/Ga8 8c 3. 38/62(3) 1/4 1/4 1/4 0.31(2)
Ca 24g m.. 0 0.1870(4) 0.3025(4) 0.038(1)
CazAuyi.11nGazoay (2)
Aul 24g m.. 0 0.4031(1) 0.3546(1) 0.037(1)
Au/Ga2 48h 1 75.1/24.9(6) 0.1044(1) 0.3408(1) 0.1972(1) 0.040(1)
Ga3 12e mm?2.. 0 172 0.2001(3) 0.040(1)
Au4 16f 3 0.1506(1) X X 0.031(1)
Ga5 24g m 75.6(4) 0 0.2660(4) 0.0817(4) 0.021(1)
Au5 24g m.. 24.4(4) 0 0.2265(4) 0.0908(4) 0.021(1)
Au/Gab 12d mm?2.. 40/60(1) —0.1006(3) 12 12 0.058(1)
Ga7 24g m 25(2) 0.091(2) 0.084(1) 0 0.039(3)
Au7 24g m.. 7.7(9) 0.036(2) 0.081(1) 0 0.022(4)
Ga8 8¢ =3, 1/4 1/4 1/4 0.079(3)
Ca 24g m.. 0 0.1884(3) 0.3049(3) 0.025(1)
CazAu.1)Gaso) (3)
Aul 24g m.. 0 0.3564(1) 0.4036(1) 0.034(1)
Au/Ga2 48h 1 87.4/12.6(7) 0.1033(1) 0.1990(1) 0.3405(1) 0.039(1)
Ga3 12e mm?2.. 0 12 0.2995(2) 0.035(1)
Au4 16f 3. 0.1497(1) X X 0.031(1)
Au5 24g m.. 27.4(8) 0.2678(5) 0 0.0777(3) 0.033(1)
Ga5s 24g m.. 72.6(8) 0.2278(6) 0 0.0903(3) 0.031(1)
Ga6b 12d mm32.. 48.2(8) —0.1109(3) 12 12 0.037(1)
Aub 12d mm2.. 51.8(8) —0.0714(9) 12 12 0.037(1)
Ga7 24g m.. 9.3(6) 0.0848(7) 0.093(1) 0 0.036(4)
Au7 24g m.. 24.0(6) 0.0784(7) 0.040(1) 0 0.029(2)
Ga8 8c 3. 1/4 1/4 1/4 0.059(2)
Ca 24¢g m.. 0 0.3061(3) 0.1885(3) 0.029(1)

@ ch = (U11 + U + U33)/3.

refined in a separate series of refinements, along with
isotropic displacement parameters. All sites with standard
deviations within 3¢ of unity are considered to be fully
occupied in the final least-squares refinements with
anisotropic displacement parameters.

Some data collection and crystallographic data, and
structure refinement parameters are given in Table 2, and
other relevant and more detailed information is listed in Table
S1 in Supporting Information. The refined positional and
isotropic-equivalent displacement parameters for the 1/1 ACs
are listed in Table 3, and for the 2/1, in Table 4. Note that
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the 2/1 AC exhibits the characteristically larger number of
relatively weak reflection data, resulting in the generally
larger Riy; and R1 values for all data (Table 2).
Remarkably, in all three Ca—Au—Ga 1/1 AC samples at
our level of refinement, atoms at the cube centers and in the
innermost tetrahedra (below) have full and one-third oc-
cupancies (within 30), respectively. This leads to a ratio of
3:19 between electropositive and negative elements, thus
representing stoichiometric derivatives of the YCdg proto-
type.”® In addition, Au/Ga8 in crystal 1 exhibits very large
displacement parameters, regardless of whether a Au/Ga
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Table 4. Atomic Coordinates and Isotropic Equivalent Displacement Parameters for crystal 4, the Caj3Ausy.i2)Gaz a4 2/1 ACY

atom Wyck. symm. occ. (%) X y z Ueq (Az)
Aul 24d 1 0.0953(1) 0.1559(1) 0.2524(1) 0.015(1)
Au2 24d 1 0.0982(1) 0.1561(1) 0.4465(1) 0.015(1)
Au3 24d 1 0.2171(1) 0.1548(1) 0.2555(1) 0.019(1)
Aud 24d 1 0.2176(1) 0.1500(1) 0.4395(1) 0.020(1)
Au5 24d 1 0.0405(1) 0.2542(1) 0.4108(1) 0.018(1)
Aub 24d 1 0.2875(1) 0.1982(1) 0.3459(1) 0.019(1)
Au7 24d 1 0.0573(1) 0.0969(1) 0.1567(1) 0.024(1)
Au8 8¢ 3. 0.0620(1) X X 0.016(1)
Au9 24d 1 0.0416(1) 0.2566(1) 0.2874(1) 0.019(1)
Aul0 24d 1 —0.029(1) 0.3454(1) 0.2103(1) 0.018(1)
Aull 24d 1 0.0360(1) 0.0571(1) 0.4127(1) 0.017(1)
Aul2 24d 1 0.0922(1) 0.3464(1) 0.3545(1) 0.028(1)
Aul3 24d 1 0.0362(1) 0.4432(1) 0.4050(1) 0.026(1)
Aul4 24d 1 0.1363(1) 0.0964(1) 0.3488(1) 0.022(1)
Auls 24d 1 37.2(6) —0.1026(5) 0.3669(4) 0.1570(8) 0.21(1)
Au/Gal6 24d 1 88.7/11.3(9) 0.2847(1) 0.0464(1) 0.4337(1) 0.026(1)
Au/Gal7 24d 1 94/6(1) —0.0654(1) 0.4437(1) 0.2438(1) 0.032(1)
Au/Gal8 24d 1 69.3/30.7(9) 0.0334(1) 0.0524(1) 0.2754(1) 0.033(1)
Au/Gal9 24d 1 60.4/39.6(9) —0.0249(1) 0.1484(1) 0.2390(1) 0.031(1)
Au/Ga20 24d 1 45/55(1) —0.0638(1) 0.2525(1) 0.2393(1) 0.038(1)
Au2l 24d 1 75.4(8) —0.0908(1) 0.1969(1) 0.1581(1) 0.040(1)
Ga2l 24d 1 24.6(8) —0.0632(8) 0.1646(8) 0.1522(8) 0.027(4)
Au22 24d 1 46(1) —0.0350(2) 0.1341(2) 0.0918(4) 0.041(2)
GA22 24d 1 54(1) —0.0209(2) 0.1524(3) 0.0607(3) 0.043(2)
Ga23 8¢ 3. 0.1563(1) X X 0.012(1)
Ga24 24d 1 0.1579(2) 0.1509(2) 0.5395(1) 0.016(1)
Ga25 4b =3, 0 0 172 0.024(2)
Ga26 24d 1 —0.0992(2) 0.4883(2) 0.1553(2) 0.038(1)
Ga27 24d 1 0.2443(2) 0.0995(2) 0.3433(2) 0.035(1)
Ga28 8¢ 3. 0.2659(2) X X 0.026(2)
Ga29 24d 1 —0.1211(3) 0.3494(3) 0.2132(3) 0.063(2)
Ga30 24d 1 64(2) 0.0393(3) 0.3476(3) 0.4617(2) 0.023(2)
Ga3l 24d 1 33(2) 0.0950(5) 0.3557(7) 0.4534(5) 0.034(5)
Ga32 24d 1 33(2) 0.060(6) 0.3177(6) 0.5091(6) 0.030(5)
Cal 8c 3. —0.0407(3) X X 0.018(3)
Ca2 24d 1 0.3479(3) 0.1582(3) 0.4620(3) 0.014(1)
Ca3 24d 1 —0.1528(3) 0.1574(3) 0.2705(3) 0.013(1)
Ca4d 24d 1 0.0388(3) 0.2303(3) 0.1561(3) 0.012(1)
Ca5 24d 1 0.1548(3) 0.0335(3) 0.4639(3) 0.011(1)
¢ Ueq = (U11 + Uxp + U33)/3.
Table 5. Comparison of Shell Contents within Triacontahedra in the Ca—Au—Ga and Ca—Au—In ACs
Ca—Au—Ga Ca—Au—In
11 21 11 21
formula CazAuiz.11Gas.o) CaizAusy.i2)Gazzae) CazAuinamlngse) Caiz.6(1/Au37.002)I39.6(6)
(e/a) (1.76) (1.64) (1.74) (2.01)
tetrahedron” AurgGaj o Au;,Gas Iny Inss
dodecahedron Au1 1_3Ga3_7 All] 3_3Ga<,_7 Au 1 5_3II14_7 Au 1()_211’19_3
icosahedron Caj Cajp Cajp Cap
icosidodecahedron Aup; 9Gag 1[Gag]” Aupe.1Gaz o[ Gag]” Augg7Ing 3[In3 5] Auyyolnigo[In 6]”
triacontahedron AugGan(AuseoGas 1)” Au;Gag) o(Ausy 3Gag 7)? Aug sIngs 2(Ausy olne o) Ingo 6(Augs olniz)
Reference this work this work 29 29

“The data for the 1/1 AC are from crystal 3. ” Disordered tetrahedron in 1/1 and fractional tetrahedron in 2/1 AC. © Contents in square brackets are
fractional atoms located between shells. ¢ Contents in parentheses are additional decorations at or near the center of the edges of the triacontahedral clusters.

admixture or partial occupancy of Au [62(2) %] is refined
in this position. Such a result is, however, consistent with
the observed electron density map, as shown in Figure 4f.
Apparently, the displacement parameters relate to the syn-
thetic conditions: crystal 2 and 3, which were annealed,
exhibit much smaller U values (0.079 and 0.059 Az’
respectively) than does crystal 1, which came from a sample
centrifuged at 660 °C and not annealed [0.31(2) A2]. The
observed electron densities about the tetrahedra in crystal 2
and 3 are also somewhat different from those in crystal 1.
The former are peanut-shaped (not shown), suggesting split
atoms at these positions, whereas the contrasting electron

densities for the nominal tetrahedron in crystal 1 are in more
diffuse and crenel-shaped (Figure 1g).

Crystal Structures. As before,”®*** the 1/1 AC structure
consists of body-centered-cubic packing of interpenetrating
triacontahedral clusters, within which the so-called Tsai
cluster sequence'? is encapsulated. The latter refer to an
assembly of four endohedral shells, from the center out, a
disordered tetrahedron, a pentagonal dodecahedron, an icosa-
hedron, and an icosidodecahedron, as shown in Figure 4a—d.
From another viewpoint,*'! each triacontahedral cluster also
contains eight cubes on the 3-fold axes, as shown in Figure

(51) Piao, S.; Gomez, C. P.; Lidin, S. Z. Naturforsch. 2006, 61B, 644.
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(h)

Figure 4. Each triacontahedral cluster in Ca—Au—Ga 1/1 AC contains five shells, namely, (a) a 3-fold disorder tetrahedron, (b) a pentagonal dodecahedron,
(c) an icosahedron of Ca, (d) an icosidodecahedron, and (e) a triacontahedron. The last shell also contains 60 decoration atoms, which are located nearby
the midedges; (f) and (g) show the observed electron densities about the cube and tetrahedron in crystal 1. The cutoff contour level is 8.0 e/A3. (h) Cubes
within a triacontahedral cluster. The cube center corresponds to the Wyckoff 8 ¢ position in the 1/1 ACs. Like cubes with distortions also exist in 2/1 AC.
Au is represented gold spheres, Ga by cyan, Ca by blue, and Au/Ga mixtures by purple. The same holds for Figure 5.

(b)

@) (c)

Figure 5. (a) Polyhedral view of the unit cell of Ca;3Aus71Gaxz 2/1 AC,
featuring simple cubic packing (Pa3) of triacontahedral clusters (dark gray)
and prolate rhombohedra (cyan). Some atoms near the midedges in (a) are
omitted for clarity; one of the latter is shown in (b). The triacontahedral
cluster also contains five shells, but the innermost tetrahedron has a
monotruncated tetrahedral geometry, as shown in the observed electron
density map in (c). The cutoff contour level in (c) is 8.0 e/A3.

4h. Each cube consists of a 3-fold vertex of the dodecahe-
dron, three vertices (forming a triangle face) of the icosi-
dodecahedron, and a 3-fold vertex and three midedge atoms
of the outmost triacontahedron. Such cubes can have
profound influences on phase widths and stability because
the cube centers can be partially occupied or empty, and this
allows certain variations in composition and e/a. For
example, the cubes are empty at y < ~ 2.0 and have 24%
Zn at y = 2.2 in the Sc;CuyZng. series,?! and are about
half-occupied by indium in CazAuj,,Ings 1/1 AC.? In the
present 1/1 ACs, the cube centers are, evidently for the first
time, found to be fully occupied (Table 3).

Lidin and co-workers**! have noted that the cubes, the
dodecahedra, and the innermost disordered tetrahedra in
RCds+s (R = rare earth metal) are actually intercorrelated.
That is, occupation of the cube centers is accompanied by a
deformation of the dodecahedral shell and a partial orien-
tational ordering of the innermost tetrahedra. The same holds
for the Ca—Au—Ga 1/1 ACs, except that the dodecahedral
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cage deforms to give apparent split positions (disorder) rather
than via an extrusion or shrinkage of the cage. The reason
might be related to size mismatching between Au and Ga
and the existence of a superstructure.

The CajzAusyiGaxaw 2/1 AC, Figure 5a, contains
simple cubic packing of triacontahedral and prolate rhom-
bohedral clusters (a prolate rhombohedron is a cube elon-
gated along a 3-fold axis, Figure 5b). The latter are
interstitials in the former. The geometries for the five shells
in the triacontahedra are similar to those in 1/1 AC, except
that greater distortions in 2/1 are allowed by the lower
symmetry. Because cluster linkages (long-range order) in the
present 2/1 AC are similar to those reported earlier,”**’ we
will not reiterate the detailed structure descriptions here. The
most pronounced difference is the geometry of the innermost
so-called tetrahedra, Figure Sc, for which the observed
electron densities more resemble a monotruncated rather than
a regular tetrahedron. However, the refined content of this
shell is still about four atoms.

Table 5 lists the comparative shell contents for the
Ca—Au—Ga and Ca—Au—In 1/1 and 2/1 ACs. Direct
comparison between 2/1 ACs shows that the gallium content
in the former is less than the indium content in the latter for
all corresponding shells except the third icosahedral shells.
In addition, the present 1/1 and 2/1 ACs contain more
interstitials between the icosidodecahedral and the triacon-
tahedral shells than do the indides. These interstitial atoms
are actually the centers of cubes in 1/1 (Figure 4g) and of
distorted cubes in 2/1 AC. It is noteworthy that all of them
are dominated by Ga, namely, Ga8 in the 1/1 ACs (except
that this position in crystal 1 also contains ~32% Au), and
Ga25, Ga27, Ga31, and Ga32 in the 2/1 AC. A size factor
is evident here: on one hand, the cube center-to-vertex
distances in the Ca—Au—In 1/1 AC (2.548—2.638A) are too
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Figure 6. Total and projected partial densities-of-states (DOS) for a
hypothetical disorder-free “CaAugsGags” 1/1 AC, ela = 1.86.

small to allow fully occupied In centers, but parallel distances
in the present 1/1 ACs (2.473—2.656 A) fall in the range of
normal Au—Ga and Ga—Ga distances (Au, 1.339A; In, 1.421
A; Ga, 1.246 A from Pauling’s single metallic bondssz). On
the other hand, distortions of the cubes in the 2/1 Ca—Au—Ga
AC result in center-to-vertex distances that are too small;
thus the centers can only be partially occupied.

Electronic structure of 1/1 AC. An LMTO-ASA calcula-
tion necessarily requires a disorder-free structural model;
therefore, the disorder present in the 1/1 AC needs to be
technically handled prior to the calculation. The following
steps were applied: (1) each pair of split positions was
represented by its average; (2) mixed positions were con-
sidered as fully occupied by the predominant component;
and (3) the disordered tetrahedra were circumvented by
reduction of the symmetry to /23 and a slight reorientation
to match the symmetry requirements. Such treatments give
negligible differences in total energies, as before 2023
These lead to a model (Table S2 in Supporting Information)
with a unit cell content of “CaysAugsGags” (e/a = 1.86),
which is close to that of crystal 2 (e/a = 1.85) and near the
middle of the observed 1/1 AC composition range.

Figure 6 shows the DOS for this hypothetical defect-free
“CagsAugsGags” 1/1 AC. In comparison, the pattern naturally
exhibits close to the same projected DOS and scales as
published for the Ca—Au—In 1/1 AC (Figure 7 in ref 29).
As can be seen, the total DOS profile is very spiky,
characteristic of ACs (because of high degeneracies). The
Au d orbitals are populated mainly over ~ —6.0 to —2.0
eV, whereas the s, p orbitals of Au and Ga are spread over
the whole spectrum, and the Ca 3d falls around the Fermi
energy (Er) and above. Although the total Ca d contribution
appears comparable to that of Au d over the energy range
of 0—2.3 eV, the former’s actual effect here is much greater
because the total number of Ca per cell is only about a quarter

(52) Pauling, L. The Nature of the Chemical Bond; 3rd ed.; Cornell
University Press: Ithaca, 1960; p 403.
(53) Ishii, Y.; Fujiwara, T. Phys. Rev. Lett. 2001, 87, 206408.

of that of Au. The total DOS curve exhibits a shallow dip
(pseudogap) centered at about ~1.2 eV (e/a ~ 2.23), and
its appreciable nonzero DOS at Er suggests a metallic
property. All these features are very similar to those in the
Ca—Au—In 1/1 AC* except that the present pseudogap is
not as deep as for its In neighbor.

Somewhat surprising is that e/a for the i-QC Cajsys)-
Ausg 36 Gazasa), 1.84, falls near that for the 1/1 composition
used for the calculation, 1.86, and appreciably below that of
the calculated pseudogap, 2.23. However, this does not mean
the Hume—Rothery mechanism is not operable in this system.
According to the LMTO calculations, the diameter of the Fermi
sphere (2Kg) is 1.56 A, close to the center-to-surface distance
(Kp,~1.54 A) of the Brillouin zone constructed from {5 4 3}{7
10}{550} and {6 0 4} Miller planes of the 1/1 ACs according
to K, = sw(h® + k> + 1)"a."* These Miller planes generate
two strong reflections at 43.52° and 44.42°, which encompass
the diffraction peak of the i-QC at 44.31° (see panels a and ¢
in Figure 1). This suggests that the spherical Fermi surface in
the i-QC would touch the Brillouin zone constructed from Miller
planes that are responsible for the diffraction peak at 44.31°.
In other words, although the e/a value for the Ca—Au—Ga i-QC
is not located in the calculated pseudogap, the phase still appears
to follow the Hume—Rothery mechanism,'* and the pseudogap
prediction may be the weak point. In addition, the Hume—
Rothery stabilization mechanism may not be the predominant
factor in this QC system; on the contrary, the contribution of
orbital mixing between the low-lying Ca d and the Au and Ga
S, p is large around Er and above for the model 1/1, as shown
in Figure 6. The same situation is also calculated for the binary
Cd-based 1/1 AC.>

Conclusions

Synthetic explorations to tune to Ca—Au—Ga ACs and
i-QC phases have been carried out according to experiences
that gallium and indium play similar roles in polar interme-
tallics. Thus, the structural differences between Ca—Au—In
and Ca—Au—Ga ACs appear mainly as direct results of the
size difference between In and Ga. These include the facts
that (1) the cube centers in the present 1/1 AC structures
are fully occupied by the smaller Ga, resulting in a 3:19
stoichiometric derivative of the YCdg prototype; (2) the
present 2/1 AC has lower e/a value than the 1/1, in contrast
to those for Ca—Au—In; (3) the e/a value for the Tsai-type
i-QC is the first one as low as 1.84.
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